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ABSTRACT
Corrosion is important to the power industry because of the increased sulfidation
in the low NOx boilers. The corrosion of A285--Grade C was studied in dry air and in a
900ppm H2S + 3.44% H2+ balance Ar mixture at 700°C. The computer controlled
corrosion tests were conducted in a thermogravimetric balance to determine the kinetics
of the oxide and sulfide scale growth. After exposure to the corrosive enviro'nments, the
microstructure of the surface and cross sections of the scales was examined using light
optical microscopy and scanning electron microscopy. The chemical composition.of the
scales was determined quantitatively using x-ray diffraction and qualitatively using
energy dispersive x-ray spectroscopy.
The oxidation kinetics in dry air at 700°C were parabolic, following the equation:
weight gain2= 0.002lt + 0.5087, where t is time and the parabolic rate constant,
kp=0.0021 mg
2/cm4min. Thus, the oxidation decreases over time as a protective scale
forms to protect against further corrosion. The overall composition of the oxide formed
was determined by powder x-ray diffraction to be Fe203' The microstructural study
showed a relatively dense, adherent, and protective oxide. There were some voids in the
area close to the base metal which were probably Kirkendall voids from the diffusing iron
and oxygen.
The sulfidation kinetics of A285--Grade C in a 900ppm H2S + 3.44% H2+
balance Ar mixture at 700°C were faster than the parabolic kinetics for oxidation. Linear
1
kinetics were found, with a rate equation of weight gain = 0.0091t +5.1193, where the
linear rate constant, kl=0.0091 mg/cm?min. The linear sulfidation" is detrimental because
a protective scale does not form to prevent further corrosion.
Using powder x-ray diffraction, the sulfide scale was identified as FeS. Most of
the scale was not adherent to the base metal and flaked off after, and possibly during,
corrosion testing. The scale was very porous which may be a reason for the spalling of
the top layer(s) of the scale, non-adherent and therefore unprotective. The results of this
study show that the corrosion of concern in boilers is sulfidation because it has faster
kinetics than oxidation.
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1.0 INTRODUCTION
Boiler tube failures in U.S. power plants are the number one cause of forced
outages and can cost power plants up to $700,000 per day (EPRI Report GS-6467).
Approximately 40% ofall tube failures occur in boiler tubes know as waterwall tubes and
one of the main causes ofwaterwall tube failure is corrosion. North American power
utilities reported that fireside corrosion problems alone, have costupto$1.7 million
annually per boiler (Wright, 1987). Fireside corrosion is on the inside of the boiler,
where the combustion occurs.
The components in the boiler area ofpower plants encounter very severe
environments which promote corrosion (EPRI Report CS-3945). In the center of the
boiler, the combustion of fuel with air creates high temperatures and the formation of
potentially corrosive gases. Surrounding the combustion area, along the walls, are tubes
with water (steam) running through them, referred to as waterwall tubes. They can be
seen as the vertical lines in Figure 1.1. Waterwall corrosion is a major problem in the
areas marked with the number 3. The tubes of the boilers are a prime area for corrosion
because ofhigh temperatures and the presence ofpotentially corrosive gases.
In conventional boilers, oxidizing gas reacts with metal to form metallic oxides.
In this environment, low alloy steels perfomI~adequately since they form stable,
protective oxide scales on the tube walls which provide protection from further corrosion.
502 and 503 are also present, but they have relatively small corrosive effects compared
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to oxygen.
The Clean Air Act Amendments of 1990 require a reduction in NOx emissions
from fossil-fired plants to the environment (Jansen, 1992). This has caused the power
industry to resort to new techniques such as low NOx burners and staged combustion
(Sommer, 1980; Brackett, 1976; "Trade-Offs..," 1988). The corrosion in the low NOx
environments is much more aggressive than in the conventional boilers because corrosive
gases from combustion now include hydrogen sulfide, H2S. This gas is much more
corrosive than oxygen since protective oxide scales rarely form, and if they do, they are
quickly overgrown by sulfide scales which are porous and nonadherent to the base metal.
The sulfide scales are not protective, and they will corrode the boiler tubes in short times,
causing tube failures. Many of the conventional boilers are 20-30 years old and were
-.
originally expected to last at least 10 more years (Kung, 1992). However, these boiler
materials, namely low carbon steels, are not adequate for low NOx conditions. There are
several ways to correct this inadequacy, including increasing the tube thickness and
changing the operating conditions. Also, the tube material can be changed from carbon
steel, but this is expensive due to the size of the tubes. A fourth option, which is very
economical, is coating the fireside tube surface (EPRI Report CS-3945). Coatings alter
the surface properties of materials and they can be an sufficient way ofpreventing
corrosion in low NOx boilers. Thermal spray, chromium diffusion, and weld overlay
coatings are currently the most effective methods of protecting waterwall tubes in
4
conventional boilers, and they are good candidates for coating materials in low NOx
environments.
The objective of this research is to study the corrosion (oxidation and sulfidation)
performance of A285--Grade C steel at 700°C.
5
2.0 BACKGROUND
2.1 CONVENTIONAL FOSSIL-FIRED BOILERS
A conventional boiler can be seen in Figure 1.1 (EPRI Report CS-3945). The
combustion chamber, in the center of the boiler, is where the fuel is combusted at high
temperatures and potentially corrosive gases are formed. Water and steam filled metal
tubes surround the combustion chamber. These tubes are called waterwall tubes and are
often made of carbon steel connected by carbon steel webs. Corrosion of these tubes can
be as high as two to six millimeters per year (Cutler, 1981). A schematic ofa corroded
furnace tube can be seen in Figure 2.1.
2.1.1 The Environment in Conventional Boilers
Metal temperatures in the combustion area of the boiler can be as high as
approximately 600°C (EPRI Report CS-3945). When the coal is combusted in air, it
often forms CO2, H20, S02, and S03 and these gases and the elevated temperature will
corrode the metal waterwall tubes (Chou, 1984).
Corrosion in boiler tubes is controlled by the gas temperature and composition,
and the tube metal composition. The gas temperature and composition determine the
type (oxidation, sulfidation, etc.) and rate of corrosion. At low temperatures, there is
little thermal energy for oxidation and the oxidation reaction is slow. The scale growth
follows a logarithmic growth rate meaning the reaction will slow to very low or
negligible rates. At high temperatures, the oxidation is thermally activated so the rate
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increases as the temperature increases. The oxidation rate at higher temperatures can be
catastrophic because the metal can rapidly corrode until failure occurs (Kofstad, 1984).
The tube metal composition will determine the reaction of the material to the corrosion
environment, the scale formed, and the composition of the scale. Thermodynamics can
predict what is energetically favorable, metal or metal oxide, as a result of the above
factors, but kinetics controls what will form.
2.1.2 Corrosion in Conventional Boilers
Oxidation is a problem in conventional boilers because continued oxidation will
cause the failure of boiler tubes. However, the formation of protective oxide scales can
slow or even stop oxidation ofmetals. The chemical reaction between a metal and oxygen
IS:
aMes) + b/2 O2= MaOb
This reaction occurs if the partial pressure of the oxygen, P02' is large enough:
P02 > exp (2 ilGO(MaOb)/bRT)
(2.1)
(2.2)
where ilGO is the standard free energy offo-rmation of the oxide at a temperature, T, and
R is the gas constant. Ellingham-Richardson diagrams (Figure 2.2) can be used to
summarize the thermodynamic information for a variety of systems at the same time
(Kofstad,1984). Straight lines are drawn beginning at ilG=O and T=O (the (0,0) point)
and ending at the chosen P02 value. These lines represent lines of constant partial
pressures of oxygen. For example, the line P02=IQ-20 is drawn in Figure 2.2. The metals
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below this partial pressure are stable, and the reactions above the line occur, forming
oxides. The diagram can also predict if a metal is thermodynamically stable at a given
partial pressure. The lower the free energy, ~G, ofthe reaction lines on the Ellingham-
Richardson diagram, the more stable the metal. Finally, the partial pressure of oxygen for
a reaction at a given temperature can be found using the same diagram. A line is drawn
from the (0,0) point, described above, through the reaction line at the point where the
specified temperature intersects the reaction line. This constructed line will intersect the
partial pressure axis at a critical oxygen pressure, and partial pressures higher than this
critical one will oxidize the materiaL
The partial pressure ofoxygen can also be determined using the reaction:
(2.3)
and the equation:
(2.4)
where K is the equilibrium constant. The PH2o!PH2 ratio can be found from the Ellingham
diagram by beginning a line at H on the y-axis, instead of the (0,0) point, and following
the above directions until the line intersects the PH2o!PH2 axis at a critical value (Kofstad,
1984; Birks, 1983). This ratio is useful for the testing ofmaterials because it is used to
control the pressure of oxygen in the testing environment.
The main phenomenon and processes of oxidation can be seen in Figure 2.3
(Kofstad, 1984). First, the oxidant travels to the metal surface, comes in direct contact
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with the metal (adsorption), and the oxidation reaction begins, forming the nuclei. The
oxide scale grows laterally from these nuclei until it forms a continuous oxide scale. The
oxidant is also dissolved into the metal surface, by an amount that is determined by the
solubility and diffusivity of the oxidant in the metal, and then oxides can form within the
metal or on the opposite surface (Kofstad 1984).
Oxide scales are stable, dense layers and are therefore, usually protective. Pilling
and Bedworth determined a scale is not protective if the volume occupied by the oxide
layer is smaller than the volume of the metal reacted. If the Pilling-Bedworth ratio (the
ratio of the volume of oxide/volume of metal) is less than 1, scales are usually not
protective because the oxide does not cover the exposed surface of the metal. Since it is
not stable, the growth rate (or reaction rate) is constant. The simplest rate relationship is
seen:
(2.5)
where W is weight gain per unit area, t is time, and kL is the linear rate constant. This
usually means that a phase boundary process is the rate determining step (Birks, 1983).
This scale is usually porous or cracked (Fontana, 1986).
If the ratio is greater than one, the scale is protective and shields the metal from
further attack by the corrosive gas. The oxide layer is dense and continuous, and
diffusional transport of the reactants or electrons through the oxide 90ntrols the reaction
rate. The diffusion path increases with increasing scale thickness. Diffusion can occur
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by various mechanisms (lattice diffusion, grain boundary diffusion, etc.) and because of
the v~ing diffusivities and diffusion processes of different species, cavities and pores
may form (Kofstad, 1984). This occurs when species A diffuses faster than species B
because B atoms cannot move fast enough to fill the empty spaces left by A atoms. But,
when the volume ratio is very large, stresses may form that cause the scale to delaminate
or rupture. This shows that the ratio should only be used as a guide (Kransowskaya,
1959). If the Pilling-Bedworth ratio is above 2, the scale grows and forms stresses that
may cause the scale to pop off which will leave the material unprotected. This is the case
in pure iron where the P-B ratio = 2.10 (Bradford, 1993).
If the scale is not protective and continues to grow, it may follow one of several
rate equations (Figure 2.4). From an engineering viewpoint, the reaction rate of the scale
is the most important parameter ofmetal oxidation and is often measured and expressed
as weight gain per unit area using non-continuous measurements, or continuous analysis
by a thermogravimetric balance (Fontana, 1986). One such equation, the linear equation,
was already discussed.
. At low temperatures, below about 400°C, metals typically follow a logarithmic
rate law. Initially, there is rapid corrosion, then the rate of the ·corrosion reaction reduces
greatly. The equation for this logarithmic reaction is:
W = ke log (Ct + A) (2.6)
where C, A, and ke are constants (Fontana, 1986). The inverse logarithmic equation is:
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(2.7)
where C and kj are constants. Aluminum, copper, and iron follow this equation at low
temperatures. The rate controlling step for logarithmic growth is the transport of
electrons or ions across the film in the presence of an electric field (Fontana, 1986).
The Wagner Theory describes oxide scales that grow parabolically:
WZ = kpt + C (2.8)
Wagner stated that the ideal ionic diffusion-controlled oxidation ofpure metals follows
this rate equation (Fontana, 1986). A concentration gradient forces point defects to
diffuse through the oxide scale and get annihilated at the surface, forming a new lattice
site. The rate determining step is the lattice diffusion of the reacting atoms or ions, or the
transport of electrons through the dense oxide scale (Figure 2.5). It is assumed that
phase boundary reactions are rapid, and thermodynamic equilibria are present--between
the oxide and gas at the oxide-oxygen interface, and the metal and the oxide at the metal-
oxide interface (Kofstad, 1988). The Wagner Theory holds for high temperature
oxidation ofmany materials such as iron, cobalt; nickel, and copper (Fontana, 1986).
Carbon steel is one of the most widely used engineering material, especially for
high-temperature applications (Lai, 1990). When iron oxidizes below 570°C it forms
Fe304 and FeZ03' while above 570°C it forms FeO, Fe304' and FeZ03' The oxidation of
carbon steel can be seen in Figure 2.6 at 430,540,650, and 760°C (800, 100, 1200, and
1400°F). At the low temperatures, there is little corrosive attack, but as the temperature
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is increased to 760°C, the oxidation rate becomes linear. Molybdenum and chromium are
often added to steels to provide solid solution and carbide strengthening, and to increase
the tensile and creep-rupture strengths. The decrease in corrosion rates between plain
carbon steels and steels with chromium and molybdenum additions can be seen in Figure
2.7 because protective scales form on the steels with the chromium and molybdenum but
they do not for on plain carbon steels. An example of a protective scale is Cr203' The
effects of chromium on corrosion resistance will be discussed later.
Chang (1994) studied five structural steels--ST2 (produced for the study), A36,
A515 (a high temperature boiler and pressure vessel steel), A588 (a weathering steel), and
SM (rolled steel for welded structures) at 600°C in air and pure 02'
Table 2.I--The compositions ofST2, A36, A515, A588, and SM
Steel C Si Mn P S Cu Ce Ni Ti V
ST2 0.11 0.27 0.77 0.023 0.019 0.31 0.78 0.26 0.046 Trace
A36 0.17 0.17 0.93 0.017 0.011 Trace Trace Trace Trace Trace
A515 0.16 0.27 0.86 0.018 0.013 0.04 0.03 0.02 Trace Trace
A588 0.13 0.28 0.87 0.013 0.010 0.29 0.45 0.02 Trace 0.047
SM 0.14 0.31 1.03 0.025 0.015 0.03 0.03 Trace Trace Trace
The kinetics of oxidation were linear for the first half hour, and transient between linear
and parabolic for the remained of the time (Figure 2.8). In air, all steels behaved
similarly except for A588 which had higher corrosion rates. The oxidation kinetic
followed the equation:
y = yo.s +k(t-0.5)n (2.9)
where k is the rate constant, n is the exponent of time, and YO.5 is the y value at 0.5 hour.
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Equation A was plotted and the values for n and k were obtained from the slopes and
intercepts.
Table 2.II--The n and k values for ST2, A36, A515, A588, and SM
ATMOSPHERE
Steel Pure O2 Air
8T2 k value 0.07 0.06
n value 0.87 0.86
A36 k value 0.07 0.18
n value 0.84 0.66
A588 k value 0.19 0.11
n value 0.66 0.91
A515 k value 0.15 0.28
n value 0.68 0.76
8M k value 0.13 0.08
n value 0.69 0.66
The oxidation product on all the steels was F~03 and Fe304 as identified by x-ray
diffraction. Duplex scales where formed, and in air the outer scale was a porous Fe203
layer and the inner scale was a compact Fe304layer, in pure O2both scales on the ST2
and A588 were compact and adherent, while on the A36, A515, and SM the scales were
blistered and spalled.
For a scale to be protective, elements in the metal must have a high affinity for
oxygen and a slow transportation rate of reactants through the scale. Aluminum and
chromium are two of the best elements to form a protective scale (Lai, 1990). The
decrease in corrosion resistance due to the addition of chromium can be seen in Figure
2.7. This occurs because the chromium forms a continuous chromium oxide on the metal
which acts as a diffusion barrier. Chromium and aluminum oxides remain stable at low
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oxygen partial pressures where other oxides decompose to sulfides. They also create
good adhesion between the oxide film and substrate, but there must be sufficient amounts
of chromium and aluminum in the material for this scale to be protective. The critical
criteria for forming a continuous, protective chromium or aluminum oxide scale is
uniform concentration of the chromium or aluminum. In many alloys, the oxide forming
element is not always uniform and the protective oxide forms only on select areas of the
alloy. The scale will become protective only if it grows laterally over the surface and
covers the rest of the exposed surface (Krasowskaya, 1959). Chromium is often added to
iron to produce stainless steels that are good candidates for corrosion resistance.
Stainless steels form stable chromium oxide scales when exposed to oxidizing
environments and are therefore used to produce some components in conventional
boilers.
2.2 LOW NOx BOILERS
The Clean Air Act Amendments of 1990 require a reduction in the NOx emissions
to the environment from fossil-fired plants (Jansen, 1992). This has caused the power
industry to resort to new techniques such as low NOx burners and staged combustion. In
the initial burner region, sub-stoichiometric air is supplied and creates a fuel-rich, low-
oxygen, low-temperature flame which inhibits the formation ofNOx' This sub-
stoichiometric air does not provide the proper amount of oxygen for the conventional
oxidizing environment to form. More air is supplied in the higher elevations, which-are
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low temperature ~egions,to complete the combustion of the fuel. Through the above
process, sub-stoichiometric conditions and a reducing environment are created (Sommer,
1980; Brackett, 1976; "Trade-Offs..," 1988).
2.2.1 The Environment in Low NOx Boilers .'
Delayed mixing of fuel and air creates a low temperature, fuel-rich flame and
hence, a low NOx burner and reducing gas which is hazardous to waterwall tubes
(Sommer, 1980; Brackett, 1976; "Trade-Offs..," 1988). The fuel-rich reducing gas
enables the release of sulfur from the coal. Sulfur is found as an impurity in coal, in
fractions of 0.5 to 5%,and is one of the most corrosive contaminants in industrial
environments because it releases H2S during combustion (Cutler, 1981). Other
constituents released during combustion include CO, CO2, CH4, H2, H20, NH3, and N2
(Stafford, 1969; Cutler,-1981). H2S is a highly corrosive gas that is found in the reducing
environment formed under the sub-stoichiometric conditions. The scales formed under
sulfidizing conditions are generally porous, non-adherent sulfide scales that are not
protective and grow rapidly under low NOx conditions. Low alloy steels corrode very
rapidly in these conditions and therefore are no longer acceptable materials for the
waterwall tubes ofthe·boiler (Lai, 1990).
Oxide scale~, which'are usually dense and adherent, are more protective than
sulfide scales, which are porous and non-adherent, but under low NOx conditions, both
types of scales can{orm and must be considered. The corrosion in low NOx boilers is
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often a competition between oxidation and sulfidation and therefore, the partial pressures
of oxygen and sulfur are very important. These boilers have oxygen partial pressures of
10-5 to 10-10 atm. and sulfur pressures of 10-15 to 10-25 atm. (Hill, 1985). The sulfur and
oxygen partial pressures of an environment can be determined by-using-computer
programs such as SOLGASMIX (Besmann, 1977). The conditions of the environment
are entered into the program and the computer considers the chemical reactions that can
occur and then determines the final partial pressures of the components. In areas ofhigh
oxygen pressures, oxides can form. However, in areas of low oxygen pressures, there are
usually high sulfur pressures and sulfides form. An alloy with a stable oxide at very low
oxygen partial pressures is needed to form a protective scale against further sulfidation
(Lai, 1990).
2.2.2 Corrosion in Low NOx Boilers
Sulfidation occurs at faster rates than oxidation, but in low NOx boilers, both
processes occur and must be considered. This section will first describe sulfidation and
then the competition between sulfidation and oxidation.
As defined by Strafford, sulfidation is "the corrosive attack experienced by many
metals and alloys, when exposed to sulfur bearing environments at elevated temperatures
leading to formation ofmeta1 sulfide(s) as corrosion product(s)" (Stafford, 1969). The
accelerated corrosion in low NOx boilers is caused by localized reducing conditions and
occurs when the partial pressure of the oxygen is low and the partial pressure of sulfur is
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high. Sulfidation is different than oxidation because the growth rate of the sulfide scales
is many orders of magnitude higher than that of oxide scales, and the morphologies of the
sulfide scales are much more complex than the relatively simple oxide scales (Strafford,
-1969):-
Sulfidation of metals can be written as:
aMes) +b/2 S2 =MaSb
and occurs by the above chemical reaction if:
PS2> exp (2 ~GO(MaSb)/bRT)
(2.1 0) .
(2.11)
where ~GO is the standard free energy of formation of the sulfide at a temperature, T, and
R is the gas constant. The Ellingham diagram (Figure 2.9) can help to predict what
sulfides can form under certain conditions and it is used in the same manner as mention
in section 2.1.1. The sulfur potential can also be expressed as PS2 or Pms/Pm. The latter
relationship comes from the reaction:
(2.12)
The sulfur partial pressure, PS2 can be determined by drawing a line from point "S", on
Figure 2.9, through the reaction line of the sulfide at the temperature of interest and
intersecting the partial pressure scale. The Pms/Pm ratio can be determined, using Figure
2.9, and drawing a line, in the same manner from point "H" on the y-axis and intersecting
the ratio scale. These values can also be found using:
(2.13)
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It is important to know the pressure of H2S in the gas because it determines the
corrosivity of the gas--the more H2S, the more reducing and corrosive the atmosphere, the
faster corrosion will occur. Data collected at Babcock and Wilcox Company confirmed
this-relationship-because-as-the-H2Sconcentrationin the gas increased,froIllQ.5 t~2.0%
H2S, as did the corrosion rates of304 stainless steel, from 3.6 to 17.0 mpy (mils per year)
(Chou, 1984).
Stability diagrams (Figure 2.10) can also be used to predict the phases what will
form under certain conditions. These diagram are based on thermodynamic calculations
at a chosen temperature. The lines on the diagram represent the boundary where the
reaction will change directions, ie. which is stable, the metal or a sulfide. The reaction
always occurs in the direction with the lower free energy. If a set of conditions are given
(temperature and pressure(s)) the thermodynamically stable material can be predicted.
The thermodynamic stability diagrams are used to predict what can form under certain
conditions. More complicated stability diagrams are created by overlaying several single
diagrams (Figure 2.11) and it can be' shown that with decreasing oxygen pressure and/or
increasing sulfur pressure, sulfides become more stable relative to oxides.
For low NOx conditions, diagrams of log PS2 vs log P02 are used to predict what
compounds will form at a given temperature, sulfur pressure, and oxygen pressure. An
example is shown in a paper by Chou et al. (Figure 2.12) (Chou, 1984). Phase stability
diagrams are constructed for iron, nickel, chromium, and aluminum and compositions
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corresponding to 70, 90, 100, and 120% stoichiometries of air are indicated on Figure
2.12. The coal composition is 70% C, 4.5% H, 4.2%S, 6.0%0, 1.3% N, 4.0% H20, and
10% ash and the stable phases are FeS, Ni3S2, Cr203' and A120 3. Aluminum and
chromium oxides-are-protective-andtherefore expected to have.good-resistance_to_
reducing gas corrosion (Chou, 1984).
According to thermodynamics and stability diagrams, oxides and sulfides should
not be able to form at the same time. This is proven wrong with iron and nickel where
sulfides and oxides have been found to form simultaneously (Kofstad, 1984). At the
beginning of the corrosion reaction, oxides and sulfides form (Figure 2.13) and diffusion
continues faster through the iron sulfide than the iron oxide. The activity of the metal on
the surface decreases slowly, while the sulfur activity increases until the metal activity
may become too slow to form either scale. Also, the corrosion conditions can change
(Figure 2.13-b position #2) and the oxide can become stable and overgrow the sulfide.
The oxide and sulfide can grow together, as seen in Figure 2.13-a, aslong as equilibrium
with the gas phase is not reached.
The sulfidation ofmetal is typically more aggressive than the oxidation ofthe
same metals because the reaction rates for sulfidation are orders of magnitude higher.
The increase in reaction rate is partially due to larger concentrations of lattice defects in
sulfides which allows faster diffusion through the sulfide scale than the oxide scale
(Kofstad, 1984). Therefore, sulfidation is an irreversible process because the sulfidation
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rate is so much higher than the oxygen rate. Once a sulfide scale forms, there is a low
probability for a continuous oxide scale to form and protect the metal.
Another reason for the faster rate of sulfidation is the formation of low melting
CO+C04S3 forms a Co-S liquid solution at 880°C, and Fe+FeS form a eutectic at 985°C.
These liquid phases reduce the corrosion resistance by allowing faster transport of the
corrodent through the material. Although nickel has high oxidation resistance due to the
formation of a protective NiO scale, the eutectic in the sulfur environment is detrimental
to the corrosion resistance (Kofstad, 1988).
-
Sulfidation ofpure metals such as iron, nickel, and cobalt in sulfur vapor and
H2S-H2 mixtures was summarized by Mrowec and Przybylski (1984) and found to follow
a parabolic rate law. In the same review, chromium at 700-900°C was found to follow
the parabolic rate law and form only sulfide scales. Improved sulfidation resistance for
iron, nickel, and cobalt-based alloys with less than 40% chromium was due to the
formation of an inner sulfide layer of Fe(Fe2_xCrx)S4, chromium sulfides with nickel, or
chromium sulfides with cobalt. Above 40% chromium, a single sulfide layer was
formed. A summary of some of the results can be seen in Figure 2.14.
Sulfidation in low NOxboilers is fast and destructive, therefore, the life of the
carbon steel tubes has been greatly reduced and a solution must be found. The factors
that influence scale formation can be seen in Figure 2.15 and it is from here where the
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solution starts. Thermodynamics determines the probability of forming any type of
protective scale by selective sulfidation of an element such as chromium or aluminum
and then the kinetics of the scale growth are controlled by such properties as melting
point, ionic-defecfstrucfure,-diffusioncoefficients, etc. (Strafford, 1989).
·In the 1950's, Meussner and Birchenall (1957) experimented with iron in sulfur
vapor to get ferrous sulfide between 650 and 900°C. Equilibrium studies of the iron-
sulfur system showed that two iron sulfides--pyrite:FeS2 and pyrrhotite:FeS are stable at
high temperatures. The formation of pyrite can be avoided, but the pyrrhotite has a wide
range of-stable compositions and is stable down to room temperature. The pyrrhotite
reaction was studied and it was determined that the iron is much more mobile than the
sulfide ion in the FeS lattice. The diffusion ofthe iron ion was responsible for the sulfide
layer growth. Stresses sometimes developed in the sulfide layer and caused cracking that
detached t~e sulfide from the iron. Parabolic growth was determined and this proved that
the FeS growth is controlled by the iron ion diffusion.
Dravnieks and Samans (1958) realized that the reaction oflow carbon steel with
hydrogen sulfide was more complicated than the work of Meussner and Birchenall. The
hydrogen is a complicating factor because it must be removed from the reaction surface
for the sulfide reaction to continue. They studied a low carbon steel (C:0.06, Mn:0.37,
P:0;018, S:0.031, Si:0.002, Cu:0.02, Ni:0.06, Sn:0.25) in H2S- H2and H2S pure mixtures
at 250-500°C. The reaction rates decreased with time, but slower than if it were parabolic
,
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interface reaction and then diffusion through the scale. The reaction rate was determined
growth (Figure 2.16). There seemed to be two reactions occurring consecutively, a linear
. ;"
where t is time, y is the thickness of the scale, C is a constant, kl is the linear reaction
(2.14)-------- ------- ---_tly =JLC](l± 1/2Ck2
to be:
constant and k2is the parabolic reaction constant. The scale growth was determined to be
3 steps:
1. Surface adsorption--This is a fast step, (H2S)gas~(H2S)adsorbed
2. Formation of the diffusing species at the gas-metal/scale interface--The
diffusing species in FeS has been found to be cation vacancy,
cation vacancy.
3. Diffusion through the sulfide scale--Fe++ ions move from the metal through
the scale to the gas interface. This movement can only account for a single
layer scale therefore there is more occurring when the double layer forms. The
outer layer (B--Figure 2.17) is a porous columnar layer and the diffusion here
-is by cation diffusion and some diffusion through pores. In the dense, fine
grained inner layer (A--Figure 2.17), sulfur atoms or ions are assumed to be
diffusing. Layer A grows at the metal-scale interface because Fe++ ions
diffusion through vacancies from the boundary between A and B to the metal-
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scale interface. Layer A is the diffusion limiting layer.
-~
Haycock (1959, p.764) continued to study the sulfidation of steels (pure iron,
0.5% Mo steel, and a series of chromium steel with 0-18% chromium) in 1959, believing
that Dravnieks_and-Samanscouldnot controLthefonnatioRofFeSz as effectively as the
formation ofFeS. The experiments done by Haycock closely controlled the atmosphere
so only FeS could be formed. The reaction rate was initially high and then decreased to
an essentially constant value (Figure 2.18). It was also verified that the reaction rate
depends only on the partial pressure ofHzS and not the pressure of Hz. The scales had a
duplex layer--an inner compact scale with small grains and an outer columnar-grained
porous scale. An example of a scale on a 12% Cr steel can be seen in Figure 2.19. The
main constituent of the layers on the pure iron and low chromium steels was metal
deficient ferrous sulfide, Fel_xS, Markers were used to verify the results and because no
markers were found in the inner layer or at the metal surface it suggests that the inner
scale was formed by sulfide ion diffusion. The markers were found randomly distributed
throughout the outer layers of the scale and on the outermost scale surface. The random
distribution of the markers in the outer layer suggests that there is continuous
rearrangement of this layer.
The growth of the inner layer is by sulfide diffusion and this diffusion causes high
compressive stresses in the scale because the molar volume of the ferrous sulfide is
greater than that of the metal. This stress is believed to be the driving force for the
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nucleation and growth of the outer layer (Haycock, 1959, p?71). The porosity in the
outer layer makes it an inefficient diffusion barrier. The inner layer is compact and does
form a barrier. Therefore there seems to be a parabolic-linear rate. The interface between
the layers a-c~ounts-forthelinear1Jart;-while-the-layer-near-the metal is-adiffusion barrier __ ._. _
and will cause parabolic growth rates. The hydrogen effects the rate due to the adsorption
ofhydrogen in the outer layer. The adsorption causes a decrease in electrical
conductivity and the concentration of positive holes. This in turn, decreases the amount
of iron ions that can diffuse through the scale and increases in the mobility of the sulfide
ions (Figure 2.20). Iron in sulfur vapor will form a single layer parabolically by iron
diffusion, while iron in HzS is more complicated and forms a duplex scale with diffusion
of both iron and sulfide ions (Haycock 1959, p.??I).
Haycock (1959, p.??I) also worked to decipher the scaling in the iron-hydrogen
sulfide system where linear curves are obtained over certain temperature ranges and there
is a two layer scale which is chemically the same material. First a compact layer AB
forms that acts as a barrier to further corrosion (Figure 2.21). Then a porous scale, Be,
is formed on the outer side of AB which depletes the barrier layer, AB. The rate of metal
consumption is inversely proportional to the thickness of AB, and is given by the
equation:
dx/dt = akp"2~ (2.15)
where x is weight loss, t is time, ~ is the thickness of the compact layer at t, kp is the
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parabolic rate constant and a is a conversion between the thickness of the metal reacted
with the thickness of the compact scale produced. The recrystallization process follows:
(2.16)
formation of BC. Ifx = all + bE, where a and b are density conversion factors from the
metal to the scales, then the equation that gives the weight loss over time is:
(2.17)
where Kp=a
2 k/2 and Kt=bk\. In the iron-hydrogen'sulfide system, a duplex layer is
formed, both ofwhich are iron deficient ferrous sulfide. And the conclusions from the
paragraph above are further proven--the inner layer is formed by the diffusion of sulfide
ions to the metal-scale interface and this layer is under compressive stress because it
forms under the existing scale.
The concept of the hydrogen blocking the iron diffusion sites was further
-investigated by Arm et al. (1960) where the mechanism of iron-hydrogen sulfide reaction
was studied at 500-760°C. They found the reaction rate to be linear and a two layer scale
to form. The inner scale is a dense, thin layer and the outer scale is a porous, course
scale. The role ofhydrogen in this study is slightly different. The hydrogen from the
iron-hydrogen sulfide reaction is adsorbed with the iron sulfide. This decreases the sites
available for further hydrogen sulfide attack and the attack occurs only at an essentially
...) constant number of sites causing a linear rate equation. The diffusion can not be the
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limiting reaction because of the recrystallization of the dense scale into the porous scale.
The thin dense scale is not thick enough to cause diffusion control. Therefore, the linear
rate is controlled by the blocking of the hydrogen sulfide sites by hydrogen and the
recrystallization-ofthelnnerdense scale-into the outer porous· seale-.-
Young and Smeltzer (1976) did additional work on pure iron and iron-cobalt
alloys in H2S- H2 gas between 533 and 700oe. Parabolic kinetics were obtainedimd the
corrosion rate of iron was shown to be dependent on the lattice diffusion of iron through
the scale, a compact scale of FeI_oS. This is proven because the form ofthe kinetics and
the magnitude of the rate constants are what is predicted by Wagner's Theory, the
distribution of the components in the scale follows the thermodynamic and diffusion
properties of FeI_oS, and the pressure effect on the reaction rate constant is consistent with
measurements of the thermodynamic properti~s of Fel-oS,
The defect structure of the scale is very important for the diffusion and the kinetic
rate laws. There are many parameters which control the degree of non-stoichiometry in
the Fel_oS structure such as temperature and pressure, and this also effects the defect
properties of the scale and the iron or sulfide diffusion. Fryt et al. (1979, p.673) varied
the temperature and pressure of sulfur from 600-1000oe and 10-11 to 10-3 atm. (in a H2S-
H2 mixture) while monitoring the scale that formed on iron. The scale had a preferential
texture in the "a" crystallographic direction and the chemical diffusivity depended on
temperature by:
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D = (6.8±2.0) * 10-2 exp -(20,900±600IRT)
where D is the chemical diffusivity in c~l/sec, R is the gas constant, and T is
temperature. The chemical diffusion coefficient was found to be independent of the
-degree ofnon-stoichiometry.. Theiron self..diffusivlty depends on:_
DFe = Doo exp -EIRT
1+ [(8IR) 0 (1-0)] [7900/T + 4]
(2.18)
(2.19)
where DFe is the self diffusivity of iron, and Do is given in equation 2.18. Estimates of
DFe from equation 2.19 agreed with the measured values of the iron tracer-diffusion
coefficient.
In an accompanying paper, Fryt et al. (1979, p.683) related the parabolic scaling
constants to the scale texture, the iron self-diffusion coefficient, and the point defect
structure of the iron sulfide. The parameters where the same as in the earlier paper (Fryt
et. al. 1990, p.773). The scale consisted oflarge columnar grains of Fel_oS oriented in the
"a" crystallographic direction. The self-diffusion coefficient of iron was:
DFe = Do * (d lno/d In ag) (2.20)
where 0 is the non-stoichiometry, D is the chemical diffusivity, and a is the activity. The
parabolic equation becomes:
where the parabolic rate constant, k=2D~0 and B is the integration constant. The earlier
equation (equation for the dependence of diffusivity on temperature and pressure) is still
true. The non-stoichiometry can be determined by:
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8 = (PS2)1I2 exp-[{uFeS + qVFe + 4~VFe8(2-8)} / RT] (2.22)
where UFeS is the free energy of formation of iron sulfide, qVFe is iron vacancies, and ~VFe
is the free energy of vacancy interaction.
- ----In-1986,0rchard-and-Young{I-986)·investigated the.discrepancies in_thejm"""·'-"""ti.....al'----__
kinetic mechanism of iron sulfidation. Fryt et al. (1979, p.683) and Young and Smeltzer
(1976) predict parabolic behavior from the start of the experiment, while others, listed by
Orchard and Young, expect an initial induction period lasting anywhere from several
hours to several days until steady-state parabolics could be reached. The latter
mechanism is close to the para-linear behavior that was seen by Dravnieks and Samans
(1958) and Haycock (1959) which was believed to be cause by the simultaneous diffusion
of iron and sulfur, but the sulfur diffusion was later determined to be negligible. Orchard
and Young (1986) sulfidized iron in an H2-H2S environment (6.5xl0-5 and 6.5 x 10-5 Pa
of sulfur) thermogravimetrically between 520-800°C and found a duplex scale ofFel_xS,
The sulfidation rate was affected by Pms when PS2 was fixed (Figure 2.22), but was not
affected by the gas flow rate (Figure 2.23), preheating the gas mixture, premixing the gas
using turbulent flow, or changing the balance gas component from N2to He. They
concluded that the sulfidizing component was the H2S gas and not the S2 gas and that the
surface reaction is slow to reach equilibrium, but can be sped up by increasing the
temperature or value of Pms, or by lowering value the PS2' The reaction is in three steps:
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where 0 is an unoccupied surface site, H2S lOis an adsorbed H2S, and S lOis an
adsorbed-S;- Finally, a-kinetie-expression~fofthe-time-rate_o£change_ in the.effectiye_
surface sulfur partial pressure was established:
InA - B[S I0]
A - B[S 10]0
=-Bt (2.23)
where: A = k13K12PmsCT
I+K12Pms
CT = [0] + [S I0] + [H2S I0]
(2.24)
(2.25)
(2.26)
Gesmundo et al. (1992) found similar results as Orchard and Young (1986) when
they studied iron and three commercial steels in Hr H2S at 400-700°C. Duplex sulfide
scales were formed on the steels, while a single, large columnar-grained layer was formed
on the iron. Initially, there was a decreasing rate, but over time the kinetics became
linear. The initial kinetics are controlled by the surface reaction and the scale formed is
compact, then the development of scale porosity allows H2S to diffuse into the scale and
produce the transition to linear kinetics.
Two approaches to sulfidation inhibition were named by Strafford (1989). The
first one is doping of a metal sulfide to modify the defect structure and reduce the defect
concentration of the reactive diffusive species, which is responsible for the parabolic
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scale growth (Strafford, 1989). Strafford and Hampton (1973) evaluated chromium-
molybdenum alloys with 0.01,0.1 and 1% molybdenum. A significant reduction in
sulfidation rate occurred when there was a decrease in interstitial Cr3+ ions and an
.-increase-in-Mo4+ ions-because the Gations-are-more-mobile:...inthe-chromiumsulfide_
corrosion scale and less mobile in the molybdenum scale. The second approach is
inhibition through sulfide barrier layer formation. In an AB alloy, with the concentration
of B being less than the concentration ofA, selective sulfidation of B occurs and forms a
protective inner barrier layer ofBS (a sulfide of B) within the duplex (AS+BS) sulfide
scale. The outer layer of the scale is AS. This type of sulfidation can be seen in nickel-
and cobalt-based alloys when there is sufficient chromium and a chromium-rich sulfide
forms (Strafford, 1971; Davin, 1962; Mrowec, 1966), and in iron-aluminum alloys when
there is sufficient aluminum and an aluminum-rich sulfide forms (Strafford Corr. Sci.,
1969; Strafford Oxid. Met., 1969; Strafford; 1972). These outer aluminum- and
chromium-rich scales are protective against further sulfidation. Davin and Coutsouradis
(1962) studied iron, nickel, and cobalt alloys with 20-35% chromium and found the
cobalt-chromium alloys had the best sulfidation resistance (in H2S) because of the
relatively slow diffusion of cobalt ions through the scale during sulfidation.
Along with sulfidation problems in low NOx boilers, there are also problems from
combined oxidizing and reducing atmospheres because the boiler atmosphere is non-
uniform and cycling (thermal and environmental) occurs. The corrosion reaction is often
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a combination of oxidation and sulfidation, although sulfidation often dominates and is
therefore the main concern and the determining factor in the materials performance in the
boiler. An important consideration for high temperature alloys is their ability to form .
. - - --- .protective cbrbmiUnncales--'during~alternating-oxidizing-and-sulfidizing_eaviromn~nts. ._
There are several important equations to be considered:
4/3Cr +O2=2/3Cr203
2Cr + S2 = 2CrS
4/3CrS + O2= 2/3Cr203 + 2/382
(227)
(2.28)
(2.29)
In alloys, the activity of chromium is greater than one, and the sulfur and oxygen
pressures needed to form scales are therefore higher than in pure chromium (Kofstad,
1984). In HT H28-H20 environments, complex sulfide scales generally form instead of
protective oxide scales.
When studying these complex environments, kinetic stability lines are often added
to thermodynamic phase stability diagrams to better predict scale formation (Figure
2.24), and oxygen pressures higher than those predicted thermodynamically are necessary
to suppress sulfidation as a result of the added kinetic boundaries. Perkins has studied
environments with sulfur pressures of 10-6 tolO-5 bar (9.87 x 10-6 to 9.87 X 10-5 atm) for
various alloys and separated one region into two--a region where a protective chromium
or aluminum oxide forms and a region where a mixed oxide/sulfide or sulfide forms.
Natesan (1980) also determined kinetic boundaries. He observed that the stability line for
31
Cr-S and Cr203 shifts to higher oxygen pressures than determined thermodynamically.
The formation ofmixed oxides/sulfides causes the shifting ofthe thermodynamic
lines. Giggins and Pettit (1980) have formulated a 3-D stability diagram (Figure 2.25)
-artdoelieve thatthis explainsthese-shifts;-When-studying-alloY--'systems,3-.:-n di~grams .
are the best representations because these diagrams consider complex compounds formed
between the elements and the gases. However, they are not widely used because they are
currently not available and difficult to construct.
~
Scales formed by selective sulfidation need to have growth rates slower than those
ofthe parent element (the major element in the material) to be protective and decrease the
rate of corrosion. The growth rate is influenced by the activities at the interfaces
(gas/scale and scale/metal) and the ionic self-diffusion rate in the sulfide. These self-
diffusion coefficients are often much greater in sulfides than corresponding oxides (Table
2.111) (Mrowec, 1980).
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Table 2.I1I--Self diffusion coefficients of cations of materials
-
- .
Sulfide Temperature SelfDiffusion Oxide Temperature Self Diffusion
eq Coefficient (OC) Coefficient
CU2_xS 650 5.15 x 10-' CU2_xO 1000 1.7 x 10-0
--
Co1_xS 720 7.0 x 10-1 C01_xO 1000------ -h9-x-lO~----
Ni1_xS 800 1.4 x 10-0 Ni1_xO 1000 1.0 X 10-"
Cr2S3 1000 1.0 x 10- 1 Cr203 1000 LOx 10-1":
Fel_xS 800 3.5 x 10- 1 Fel_xO 800 1.3 x 10-0
A12S3 600 1.0 X lO-
u Al20 3 1000 1.0 X 10-
1J
NbS2 800 1.6 X 10-
11
•
2.2.3 Scale Formation in Low NOx Boilers
The scales that form in oxidizing gases are adherent, dense and protective. The
scales that form in sulfidizing environments are porous, nonadherent, and non-protective.
The growth rate of the scales are governed by self-diffusion and can be compared using
the diffusion coefficients in Table 2.111. Typically, the growth rates of sulfides are a few
orders of magnitude higher than those of oxides. Also, the growth rates of many oxides
decrease with time, while the growth rate of sulfides remain high.
It is important to have slow ion diffusion through the oxide layer to keep harmful
scales from forming between the coating and the protective scale, or the coating and the
substrate. For example, Cr203 grows slowly because the chromium and oxygen are
transported slowly through the oxide and the scale remains protective. Nitrogen can
move quickly through the oxide and form nitrides. The chromium oxidizing in air can
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suffer embrittlement from the nitride formation beneath the oxide (Stringer, 199.0).
~-~~.-_.__. __.-._---_._-----
Choosing an alloy to be used in the lowNOx boiler depends on the stability ofthe
oxide scales. The relationship between the oxygen and sulfur potentials, the alloy
-~ - - --- composition, andthe-atmospheric-temperature_and=pressure are inu:>ort@twhell-choosing. _
an alloy to form a stable, adherent, dense oxide scale. Oxide scales are the preferred
scales for the power industry because they are typically protective and will maintain the
life of the tubes. But, as discussed before, the boiler environment is not uniform so all
possibilities must be considered.
The material choice is the most effective way of controlling corrosion. A material
must be applied to the fireside of the boiler tubes to decrease the corrosion rate due to
oxidation and sulfidation. Many studies have been done to test different materials and
alloy additions. Stringer reported that almost all candidate materials and coatings for coal
gasification environments (very similar to low NOx atmospheres) suffered severe
sulfidation-oxidation corrosion.
Due to the relative rapid corrosion of iron and carbon steels in sulfidizing
atmospheres, other researchers were studying materials, such as nickel and cobalt and'
their alloys and iron alloys including stainless steels. Natesan and Delapane (1980)
studied the variation in scale thickness and alloy penetration depth for Incoloy 800 and
showed that the scale thickness and penetration depth were negligibly small at high
oxygen partial pressures and constant sulfur pressure. As the oxygen pressure was
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decreased, there was a significant increase in scale thickness and penetration depth until a
-~------.
plateau, at approximately 90 microns, was reached at low P02 levels, below between 10-22
and 10-23 atm. (Figure 2.26). There are two plateaus--one at high oxygen pressures
--where-oxide-formation-occurs-and-one-at-low-oxygenpressures-wheresulfidation..isthe..
mode of attack.
Perkins (1981) studied many different metals and alloys and found that even in
the oxide stable region ofthe stability diagram, rapid, non-protective corrosion would
occur if the conditions were close to the oxide-sulfide boundary. This occurred along a
"kinetic boundary" parallel, but approximately two orders of magnitude higher in oxygen
activity than the oxide-sulfide boundary. Similar results were later seen by Natesan
(1988). The oxide scale would remain protective, even on the oxygen-poor side of the
kinetic boundary, for a long time if the oxide formed in the complete absence of sulfur. If
the oxide scale was formed in the presence of even a small amount of sulfur, the oxide
scale would lose its protective capabilities as soon as the conditions reached the kinetic
boundary.
One of the compositional effects that has been studied along with scale formation
is the amount of chromium in the alloys. Chromium has been called the most important
alloying element in resisting sulfidation (Cutler, 1981; Lai, 1990). Aluminum also works
well as an addition to increase corrosion resistance, but high aluminum contents make
forming and ductility of iron and nickel based alloys difficult (Fontana, 1986).
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High temperature alloys rely on chromium to form Cr,S, and chromium oxide __I
scales for protection against sulfidation (Lai, 1990; ~ofstad~-19~~)~ ~o~~industrial --- - --- I
environments have sufficient oxygen to form these protective scales, but breakdown of I
-- -- -tIie clifomiilin-oxldelayer can o-ccurfromihe-formation-of-sulfides-ab0Ve~theoxide-layeL_=- -
(Lai, 1990; Perkins, 1980; Perkins, 1979). Alloying elements (manganese, iron, cobalt,
nickel, etc.) can diffuse through the chromium oxide scale and react with the environment
to form sulfides and rapidly corrode the material. This idea was proposed by Perkins as a
mechanism ofbreakaway corrosion (Perkins, 1980). Manganese is the fastest diffusing
element followed by iron, cobalt, nickel, and chromium. Along with diffusion ofthe
elements out through the oxide, the sulfur diffuses into the matrix to form sulfide regions
in the matrix (Perkins, 1980).
Kung et al. (1992) studied the corrosion of three alloys: commercial carbon steel,
SA210-A1 (0% chromium); low alloy steel, SA213-T22 (2.25% chromium); and stainless
steel, SA213-TP304 (18% chromium). The effect of chromium could be seen because
carbon steel and T22 are not chromia formers, and stainless steel304.is a chromia former,
even in the most corrosive environments. The carbon steel had the highest corrosion rate,
followed by T22 and 304SS, as would be expected from the chromium contents. The
average corrosion rate as a function of percent chromium can be seen in Figure 2.27. It
was concluded from this work that a minimum of 16% chromium is required for a
corrosion rate of 5-10 mpy (mils per year) during the 1200 hour exposure.
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Natesan (1981) also studied the effect of chromium in iron, nickel, and cobalt
based alloys, and found a minimum chromium content of 18% is necessary to form a
continuous oxide scale when the alloy was exposed to complex gas environments.
Natesan-alsoidentified-the"kineticboundary~in-the-phase_stabilit)' -diagratIl~(Fj~re_
2.24). At high sulfur potentials, the corrosion rates reach levels of 10 to 20 nun per year.
At higher Pm values and lower PS2 values, ~ thin chromium-rich oxide scale of
approximately 511m fOl1!led. As Pm decreased and PS2 increased, sulfide scales formed.
At the lowest oxygen pressures, a 21011m (Cr, Fe) sulfide scale formed (Natesan, 1981).
Choi (1985 and 1987) studied the effect of sulfur on the oxidation of iron-
chromium alloys to find that at 950°C a protective Cr203 scale will form on a iron-20%
chromium alloy and grow parabolically. The presence of sulfur could lead to a
breakdown of this protective scale and internal sulfidation, after which a porous iron
oxide scale would grow rapidly. At high sulfur partial pressures, sulfides form inside the
alloy as soon as oxidation starts.
Mrowec (1966) studied nickel-chromium alloys with chromium contents between
2 and 85% in sulfur vapor of 1 atm at 600-900°C. Chromium formed a protective scale
on the alloy when the concentration of chromium in the alloy reached about 50%. At low
chromium concentrations, the scale was a nickel-sulfide with approximately 0.4%
chromium in solid solution. At approximately 50% chromium, the inner scale was a
chromium-sulfide scale with nickel-sulfide areas dispersed within, and the outer scale
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was pure chromium sulfide. Above 50% chromium, the scale was chromium sulfide with
about 1% nickel in solid solution. In the chromium-rich alloys, the sulfidation rate was~~"- - ~-~~~-._~
less than that of pure chromium and it was believed to be due to the incorporation of Ni2+
-ions~into-the~Ghromium-scale-which-reducedJhenumber_of Cr3+ vacan~ies, hence
reducing the diffusion paths. The minimum sulfidation rate belonged to the alloys
containing between 50 and 60% chromium (Figure 2.28).
Iron-chromium alloys were studied by Krasowskaya and Geld (1959), Semenova
and Geld (1958), and Strafford and Manifold (1969). Strafford and Manifold found that
in iron-5% chromium at 500°C and sulfur pressures of 0.1-100 torr, a duplex scale
formed. The inner layer was a heterogeneous mixture of chromium-sulfide and iron-
sulfide, and the outer layer was iron-sulfide. An outward movement ofFe2+ ions through
the inner layer was believed to form the outer layer.
More studies were carried out using iron-chromium alloys in sulfur vapor and Hr
H2S gas mixtures at temperature between 500-1000°C (Mrowec, 1969; Narita, 1971,
Zelouf, 1969). Below 2% chromium, a single Fel_yS scale formed, and up to 40%
chromium a double layer was formed. The outer layer was pure iron-sulfide, and the
inner layer was a chromium-sulfide doped with iron which showed that the outer layer
was formed through outward diffusion (Figure 2.29). A summary of the results can be
seen in Figure 2.30. The minimum corrosion rate was reported at a critical composition
of iron plus 70-80 at% chromium where a single layer scale was formed by outward
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chromium diffusion. (1973). These results agree with Krasowskaya and Geld (1959),
~--~~-~ -----
------.:..
Semenova and Geld (1958), and Strafford and Manifold (1969).
Cobalt-chromium alloys have also been studied and their critical chromium level
-- was fomrd-to be-30~40-at%.-'Fhecobalt-alloys-showed~better-sulfidation_resistanceth@_ ~_ __. _
the nickel alloys of the same composition (Davin, 1962). Cobalt-chromium alloys with
20 and 35% chromium were studiedin H2S gas at 1 atm. and 800-1000°C by Davin and
Coutsouradis(1962), and Whittle et al. (1973) studied chromium contents of 1-25% at
temperatures of 800 and 1000c C. The corrosion reactions were found to be parabolic.
Alloys with <1% chromium experienced rapid sulfidation, but if the composition was
above 10% chromium, the corrosion rate was below that of the unalloyed material.
Below 10% chromium, the scale was mainly a single layer CO-C04S3 eutectic scale.
Between 17 and 25% chromium, the scale had a duplex structure, an inner layer of40%
chromium-7% cobalt and an outer layer of cobalt-sulfide (a mixture of C03S4 and C09Sg
with 55-60% cobalt). Biegen et al. studied alloys with 0-40% chromium in sulfur vapor
at 1 atm. and 650-900c C, finding similar results--the sulfidation rate was parabolic
(Kofstad, 1984). Below 2% chromium, a single layer cobalt-sulfide scale doped with
chromium formed. Above 2% chromium, a duplex layer formed with the outer layer
being a cobalt-sulfide while the inner layer was a solid solution of cobalt-sulfide in
chromium-sulfide. The rate controlling factor was determined to be the diffusion of
chromium ions through the inner layer. The results of the above studies on iron-, nickel-,
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and cobalt-chromium alloys can be seen in Figure 2.31.
Thermogravimetric (TG) analysis is often used in research to determine the
growth rate of materials. Chang (1994) studied the oxidation of stainless steels using
-twenty=four-hourtestsconducted in-air-and-pure oxygen-at-600~C-(Eigul'e-2.32)._In_the _
first half hour, the kinetics of oxidation were linear and the n and k values were
determined from the data collected. The n values were between 0.49 and 1.0 which
implies that the kinetics for the rest of the test were transient between linear and
parabolic.
Zurek (1993) discusses an issue that occurs in atmospheres with low oxidant
pressures. At the beginning of sulfidation, there is a period connected with the incubation
of sulfide nuclei on the metal surfaces and this period should be identified. The kinetics
of iron sulfidation were measured and it was found that there were deviations from the
parabolic rate constant during the initial stages of sulfidation. The mixed oxidation of
iron-chromium alloys was studied in an environment of oxygen and chlorine (Zurek,
1993). The TG was used to determine and compare the corrosion resistance of the alloys.
2.3 SUMMARY
The area of low NOx corrosion is a new concernfor the power industry.
Oxidation, sulfidation and alternating sulfidation/oxidation conditions occur from the
gases in the combustion chamber which causes corrosion of the fireside waterwall tubes.
Waterwall tubes are generally made from carbon steel, which forms a protective oxide
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scale in conventional boilers, but this material is not adequate for sulfidation
environments because protective scale do not form.
Conventional boilers have an oxidizing atmosphere and during high temperature
----corrosion-in-these-ehviromnents,--many-materials,-such-as-imn,_grow_parahoJkall)',_
according to Wagner's theory:
(2.8)
where W is weight gain, ~ is the parabolic rate constant, t is time, and C is a constant
(Fontana, 1986; Kofstad, 1988). This growth is controlled by ideal ionic diffusion and a
protective scale usually forms. The scales formed on iron have been found to be FeD,
Fe203, and Fe304 under different conditions (Lai, 1990). A single layer or duplex layer
scales with a porous outer layer and a compact inner layer can form depending on the
conditions (Chang, 1994).
For a scale to be protective, the metal must have an element with a high affinity
for oxygen and a slow transport rate of reactants through the scale, such as chromium and
aluminum (Lai, 1990). Chromium and aluminum oxides are stable at low oxygen
pressures and they are dense and adherent to the base ~~tal. This makes them effective
diffusion barriers to slow or stop further corrosion.
Low NOx boilers have a more aggressive sulfidizing environment. The scale
growth is many orders of magnitude higher in these sulfidizing environments than in
oxidizing ones and the scales formed are much more complex (Kofstad, 1984). The
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faster growth is partially due to the higher concentrations of lattice defects in the sulfides
as opposed to the oxides. When iron is exposed to pure sulfur vapor, a single layer FeS
scale forms parabolically (Meussner, 1957). When an H2S-H2 testing atmosphere is used
the scale formed is much more complex because ofthe c1Jmplicating-effects~of-the--­
hydrogen. The rate equation is often described as para-linear because the growth rate
decrease over time, but not as fast as it would if the growth was purely parabolic
(Dravnieks, 1958; Haycock, 1959; Orchard, 1986). Three steps were identified
(Dravnieks, 1958) in the sulfidation process:
1. Surface adsorption of H2S
2. Formation of the diffusion species
3. Diffusion of the Fe++ ions through the scale to the gas surface
A duplex scale forms where the hiller layer is compact with small grains and the outer
layer is porous with larger grains (Dravnieks, 1958; Haycock, 1959, Chang, 1994). The
main constituent of the scale is deficient iron sulfide, Fel_xS where x is the degree of non-
stoichiometry and the chemical composition varies within the scale as the degree of non-
stoichiometry varies. The compact layer usually forms first and acts as a diffusion
barrier. The porous layer forms next and is an ineffective diffusion barrier (Gesmundo,
1992).
To inhibit sulfidation a protective scale must be formed on the metal, as in
oxidation protection (Strafford, 1989; Strafford, 1973). This can be accomplished by
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adding elements such as chromium or aluminum to the metal. The sulfides of these
elements are more protective against further sulfidation because they are dense layers and
act to prohibit sulfidation (Strafford, 1971; Mrowec, 1966). And even if the atmosphere
is alternating between oxidation and sulfidation, the oxides of the chromium ana- .-------.--
aluminum are protective against further corrosion.
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3.0 EXPERIMENTAL PROCEDURE
When a new laboratory is designed, a procedure for testing in the laboratory must
be developed. This research was intended to develop corrosion procedures for both high
. -----temperature-oxidation.and.sulfidation..testing thatwill be!!.s.ed forall material~!~st_ed in
---
this lab. The purpose of these high temperature corrosion studies is to investigate
materials used for boiler tubes in the low NOx boilers of the power industry. These
conditions were discussed in section 2.0 Background. The establishment of a standard
procedure will enable the comparison of the results from all materials tested. The
procedure is designed to have the best .control of all variables--sample preparation, gas
composition, flow rates, etc. Many iterations of the testing procedure were necessary to
refine the procedure as problems were identified and resolved.
3.1 CORROSION LABORATORY
The corrosion laboratory (Figures 3.1 and 3.2) is designed for high temperature
....
oxidation and sulfidation experiments. It consists of a Simultaneous Thermal Analysis
(Netzsch STA 409) thermogravimetric balance (TG), long term furnaces, and an
extensive Sierra Sentry alarm system for the detection ofhydrogen sulfide (H2S) gas.
Figure 3.2 shows the TG in better detail and the furnace, balance, Drierite columns,
pressure gauges, temperature monitor, vacuum system, and flow meters are labeled in
Figure 3.2b. A long term furnace can be seen, as the blue horizontal furnace on the table,
behind the Netzsch TG in Figure 3.1.
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3.1.1 Safety System
Safety was a major concern when the lab was constructed because the corrosive
gas will contain levels as high as 1100 ppm of hydrogen sulfide gas (H2S). The health
----wamings-of-hydrogen-sul-fide-are: __ ._ ..._. __~
0.12 ppm--Odor limit
20 ppm--Irritant
150 ppm--Olfactory paralysis
250 ppm--Pulmonary edema
500 ppm--Loss of consciousness
1000 ppm--DEATH
The safety system is a Sierra Sentry alarm system with 8 gas sensor ports that can be
extended to 16 ports. The sensors can detect many gases, but are currently set for H2S
detection and can detect 1000 ppm ofH2S gas in well under 30 seconds. The alarm is set
at 10 ppm and when this level is reached, a 3-way actuator valve will trigger and purge
the entire system with inert gas while both an audio and visual alarm sound.
3.1.2 Thermal Analysis
Thermal analysis is used to determine the chemical and physical properties of
materials by exposing the material to a programmed temperature regime which can
include heating, cooling, and/or isothermal stages (Speyer, 1994). A computers is used to
collect and analyze the data for research purposes. Thermogravimetric (TG) analysis is
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the study of weight changes as a function of time or temperature. It is used to study
transformations that involve the absorption or evolution of gases from a specimen. The
balance used for this analysis is extremely sensitive and has sensitivities of 5 J.lg or better
(Speyer,1994:)-.----------- ----~----
The specimen is usually hung from a balance in the hot zone of the furnace and
the furnace environment can be a variety of atmospheres--inert gas, corrosive gas, or a
variety of other gases, can be used for the analysis. If a corrosive gas is used, the balance
is usually held at a more positive pressure to protect the balance from the corrosive gases.
The atmosphere of the furnace is maintained by flowing gas through the system, but one
must be careful that gas does not flow back in through the exit. The gas is often bubbled
through a fluid after it exits the furnace to prevent backflow. A thermocouple is placed
near the specimen to monitor the temperature ofthe material (Speyer, 1994).
Two concerns in the TG are thermocouple shielding and pan floating. First, it is
important not to block the thermocouple. Accurate temperature measurements are
necessary and if the gas flows down from above the specimen, the specimen may be
cooled while the thermocouple is shielded from the cooling by the pan. The temperature
ofthe thermocouple will then be higher than that of the specimen. Second, the
thermocouple should be placed over the specimen, but should not touch the pan, to get
accurate temperature readings. If the gas flows from beneath the pan, the buoyancy
forces will push the pan up (Archimedes' Principle). Temperature gradients in the
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furnace can also cause air flow which can also put a force on the pan (Speyer, 1994).
It is important that the TG be calibrated using high purity standards and certified
weights to correlate the specimen and thermocouple temperatures. The data collected
from runrung test witnthesemaledalscrrnlweights-gives-dat-a-to4he-operator-thatcanbe~~~
used to calibrate the instrument. Another method of calibration is to use the Curie
temperatures of ferromagnetic materials. The ferromagnetic materials is hung from a
basket and a magnet is placed above. When the Curie temperature ofthe material is
reached, the specimen will drop into the basket and cause a weight gain (Speyer, 1994).
Simultaneous thermal analysis (STA) can be used to combine DTA (differential
thermal analysis) and TG. DTA measures the thermal change while the TG measures the
weight changes. The sample is placed in one cup, a reference is placed in another cup,
and both are placed on the top of a post, whose bottom fits into a sensitive balance
(Figure 3.3) (Speyer, 1994). The STA is advantageous because it allows the direct
comparison ofresuIts from both techniques. The tests are run concurrently, and the
reaction equilibria is not effected by differing sample atmospheres. Separate TG and
DTAIDSC tests create uncertainties because of the inhomogeneity and geometry of the
samples and the inaccuracy in the temperatures. These uncertainties are eliminated with
STA (Speyer, 1994).
In the corrosion lab at Lehigh University, there is a Netzsch STA 409 (Figures
3.1 and 3.2) which can reach temperatures between 25-1600°C and allows furnace
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atmospheres of vacuum, inert gas, or reactive gases. A schematic of the complete system
can be seen in Figure 3.4, and Figure 3.5 shows a detailed schematic of the measuring
part of the TG. The system is computer controlled through a Windows program, supplied
by Netzsch, which stores labeling and program iiiformation~onttoistne-experiment~
temperatures and cycles, and collects the resulting data. It also includes an analysis .
program to plot the data. Temperature programs can be programmed for heating,
cooling, thermal cycling, and isothermal holds. A vacuum pump is included with the STA
409 so a vacuum can be maintained in the sample chamber. Also, a Neslab RTE-101
water bath (not shown in Figure 3.4) was also included with the instrument. This
instrument was used for short term corrosion studies, less than 50 hours.
3.2 MATERIAL SYSTEM
Plain carbon steel ( A285--Grade C) was chosen as the test material and has a
composition of: Fe:98.74 wt%, Mn:0.90, C:0.28, P:0.035, and S:0.045.
3.3 SAMPLE PREPARATION
The A285--Grade C was cut, using a bi-metal blade on a band saw, into bars of
165.1 x 25.4 mm (6.5 x 1 inch) and machined down to a thickness of approximately 4
mm. These bars were cut into 12.5 x 11 x 4 mm samples using a low speed diamond saw
and ground to a thickness of approximately 1-2 rom. Each sample was ground to a 600
grit SiC finish and the edges and comers were rounded to attempt to eliminate
preferentialcorrosion on rough surfaces, edges, and comers. The uniform surface texture
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also allows for better comparison of different materials. The samples were then
ultrasonically cleaned in acetone.
The samples were measured using a micrometer caliper that measures to 0.025
-------
mm. Each dimension (length, wiat~analliiClmess) was measured-fuice-and-the-average
was used. These measurements where then used to calculate a surface area for each
sample. Each sample weight was measured on a Mettler PM 400 scale to 1 mg accuracy.
3.4 BASIC TESTING PROCEDURE
The Windows program for the TG measurement was opened and the sample
information (test number, material, sample name and ID, etc.) was input. The testing
procedure was programmed into the TG as follows:
1. Begin at 25°C
2. Increase temperature to 700°C by 50°C/minute
3. Hold at 700°C
The prepared samples were placed onto a sample holder in the TG furnace (Figure 3.6)
and the furnace was sealed with an O-ring to prevent any leaks into or out of the furnace.
The sample holder use in the TG was made by cutting out the sides of the DTA sample
carrier (Figure 3.3) and placing the A285--Grade C sample across the two crucibles
(Figure 3.6). The atmosphere in the TG furnace was established by flowing the
corrosive gas into the furnace at approximately 1.02 atm (15 psi) and 200 ml/minute (for
the compressed air) or 86 ml/minute (for the H2S gas mixture). When compressed air
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was used as the corrosive gas, no balance gas was necessary, but for the runs with the
H2S gas mixture, argon was flowed into the balance chamber at approximately 1.02 atm
and 35 ml/minute to protected the balance mechanism from corroding. The H2S gas
mixture-usedwas-900ppm-I-I2£~*3.44% H2-+j)iuance~Ar. rtie_8.i.LwaHlryc~inpi:i~_ss~~~L
air. The balance was zeroed before the test began and the test was stopped when a defined
trend (linear, parabolic, etc.) was seen, or after 50 hours of isothermal corrosion.
The procedure listed above is the basic procedure that was used, although it was
continuously altered slightly as will be discussed in section 4.0 Results and Discussion.
The exact procedural variables can be found in Appendix A.
3.5 ANALYSIS OF RESULTS
The Netzsch Analysis Program produces a plot ofweight gain versus time, but
this information is not comparable between runs unless it is normalized for surface area.
The data in the Netzsch program can not be altered, so the results were exported from the
TG analysis program into Excel where they could be normalized for surface area. The
weight gain/surface area (referred to from here on as simple weight gain) was plotted
versus time and the curves for the varied procedures were compared. Plots ofweight
gain2versus time were also plotted to determine if there were parabolic kinetics of the
corrosion reaction because the curve will be a straight line. The equation of the straight
lines on these plots follows:
(&n/A)2 =kgt + C
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(3.1)
where &n is the weight change in mg, A is the original surface area in cm2, kg is the
parabolic gravimetric rate constant in (mg/cm2imin-1, and t is time in minutes.
The scale surface and cross sections were evaluated using light optical
microscopy (LOM)~scannlng electronIillcroscopy-(SEMJ;-energy-dispersive~x--ray-==-. ' 1
spectrometer (EDS), and x-ray diffraction (XRD).
3.5.1 X-Ray Diffraction
Some of the corrosion scales flaked offwhen the samples was removed from the
TG holder and other scales were purposely chipped off and ground into fine powders to
be analyzed using powder x-ray diffraction (XRD). XRD is used to investigate. the
crystal structure of materials (Reed-Hill, 1992; Cullity, 1978). X-ray radiation is used
because the wavelength is on the order of the interplanar spacing in crystals and
diffraction can only occur at certain angles, Le. when:
2d sin e= nA (3.2)
where d is the interplanar spacing, eis the diffraction angle, and Ais the wavelength of
the x-rays. When this equation, also known as Bragg's Law, is satisfied, there is
constructive interference and the x-ray beam will diffract from a set ofplanes (Cullity,
1978).
Powder XRD of the scales was done in the Geology Department at Lehigh
University. Powder diffraction uses x-rays ofknown wavelength (A is constant) to
determine the crystal plane spacing, d, of an unknown material by varying the diffraction
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angle, e. The intensity of the diffracted beam is measured by an electronic counter and
the peaks are determined at certain angles (Cullity, 1978). The data that results is
presented as corresponding diffraction angles and peak heights which can be deciphered
~ using-cards-developed-by-th~Joint-Committee_onJ:»mvder_Djffraction Standards JJCPDS).
The powder pattern Bragg angles and intensities of the unknown are matched to the
cards for known materials (Reed-Hill~-1992). This is the procedure used to determine the
composition of the corrosion scales in this research.
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4.0 RESULTS AND DISCUSSION
This section discusses the evolution of the corrosion testing procedure and the
microstructural and chemical analysis of the scales that formed on the A285--Grade C.
~--The te-stil1g proceouie·was cl1.Imged-accordirtg'to~the-resultscoHhe'Gorroded--samples,-----­
because after each test the samples were examined using visual inspection (along with
LOM and SEM) and chemical analysis--EDS and XRD. The test samples discussed have
been chosen because of their variety.
4.1 OXIDATION TESTING
(Note: "Oxidation testing" refers to Jhe tests done using dry compressed air as the
corrosive gas.)
The expected growth rate for the oxidation of iron is parabolic in the form of
Wagner's Theory:
(2.8)
where W is weight gain, kp is the parabolic rate constant, t is time, and C is a constant
(Fontana,1986). The actual parabolic rate depends on the test conditions. A protective
oxide is expected to form on the metal of the form FeO, Fe203' or Fe304 (Lai, 1990).
4.1.1 Oxidation Gas and Procedure
Compressed air from the building supply was chosen as the corrosive gas for
oxidation. The air was dried by flowing it through an indicating Drierite column before it
entered the TG furnace. Dry air was chosen to eliminate the uncertainty that would occur
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with the varying amount of water in the compressed air depending on the room and air
temperatures.
The prepared A285--0rade C sample was loaded into the TO and the furnace was
sealed. Tne compressedalr f}oweafirsrtmough'-a-flrierite-column,-to-dry-the-air,then
through the TO furnace at 1.02 atm. and 200 ml/min. A balance gas was not necessary
because the air is not highly corrosive in the balance. The standard program was set and
the test was stopped after 50 hours (See Appendix A for exact procedural variables).
4.1.2 Kinetic Study of the Oxidation Test
The kinetic results of the oxidation test (sample A2) can be seen in Figure 4.1
where the results from the TO test are plotted as weight gain/original surface area versus
time. The line appears to be parabolic and when the weight gain/area is squared and
plotted versus time (Figure 4.2) a straight line results which proves parabolic kinetics
(Kofstad,1988). The equation of the straight line fit (the black line on Figure 4.2) is:
y =0.0021x +0.5087 (4.1)
where y is the weight gain2 and x is time. Equation 4.1 is in the same form as equation
2.8 and that is what is expected (Fontana, 1986). The parabolic rate constant is 0.0021
mg2/cm4min. Parabolic kinetics indicates that the scale is protective. The scale grows
quickly at first by ion diffusion, but as the scale continues to grow, there is a further
distance for the ions to diffuse and the growth decreases with time(Kofstad, 1984).
Parabolic kinetics indicates that thermal ion diffusion (of the iron and/or the oxygen ions)
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is the rate limiting step in the scale growth. The driving energy of the reaction to iron
oxide is the free energy change associated with the formation ofthe oxide. Also, the
diffusion is driven by the partial pressure gradient of oxygen across the corrosion scale
(Kofstad, 1988).
4.1.3 Analysis ofthe Scale from the Oxidation Test
The scale that formed during oxidation testing was Fe203 as determined by
powder XRD (Figure 4.3). The collection ofpeaks marked on Figure 4.3 is
characteristic ofFe203 and Table 4.1 shows the expected versus measured D spacing
values of these peaks (in Figure 4.3). The matching JCPDS card was 13-534 (see section
3.5.1).
Table 4.I-The D spacing values (in Angstroms) for the Fe203 peaks marked in Figure
4.3
Peak Number Expected spacing Measured spacing
1 3.682 3.66
2 2.694 2.69
3 2.512 2.51
4 2.204 2.201
5 2.053 2.070
6 1.840 1.838
7 1.693 1.690
8 1.597 1.634
9 1.486 1.484
10 1.453 - 1.452
11 1.309 1.310
12 1.257 1.258
13 1.189 1.189
14 1.162 1.162
15 1.140 1.141
16 1.103 1.102
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An example of the oxide microstructure in the as-polished condition can be seen
in Figure 4.4. Both 4.4a and 4.4b are at the same magnification. Figure 4.4a shows a
light optical micrograph and varying gray levels in the microstructure can be seen. Most
---- ---~--of the-scaleis-a-lighter-gray,butthere-are-patche~LoLd.ar..ker gray_(see arrows in Figur~
4.4a). These gray level variations may be due to the initial growth of other oxides such
as FeO or Fe304 that were not detected in the XRD because of the sample area taken or
the small amount of scale analyzed. Since the XRD was taken from a powder that was
assumed to be representative of all the areas of scale, the variations may be due to slight
compositional variations near the Fe203 composition. Layers of these other oxides (FeO
and Fe304) have been found to form under different oxidation conditions, including
longer times (example Chang, 1994). The scale is separated from the base metal, A285--
Grade C and this is probably due to the handling of the sample before it was mounted or
sample preparation (Samuels, 1980). Voids also seem to appear in this cross section
(arrows with A's in the figure point to these voids), and these voids can be better seen in
the SEM picture (Figure 4.4b, not the same area as Figure 4.4a) and are probably
Kirkendall voids (Kofstad, 1988). After short times oxides are typically compact, but
after longer times voids develop from diffusion through the scale (Kirkendall voids)
and/or the deformation and cracking that occurs from the development of stresses in the
scale (Kofstad, 1988; Chang, 1994).
EDS profiles were taken of the cross sectional area of the oxidation scale (arrows
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with B's in Figure 4.4b), one was in the outer scale, the B1 area, (Figure 4.5) and the
other was in the inner scale, the B2 area, (Figure 4.6). The gray levels are not seen in
Figure 4.4b, so it was not possible to take an analysis of different levels. Both areas
n-ave-similar;-ifnot-exact-peaks-of-Q and-Ee,Jhereforemth EDS alone, one caI!_no~
decipher the compositional differences within the scale ifvariations do exist.
The surface morphology was also examined and two layers could be seen in a
chipped area of the scale near the edge--Figure 4.7a and at higher magnifications the
distinction between the morphologies of the two layers can be seen (Figure 4.7b and
4.7c). Figure 4.7b is the lower layer which may be the surface of the A285--Grade C if
the oxide scale chipped completely off, and Figure 4.7c is the upper or top layer.
EDS of Figure 4.7b showed that the elements in the lower layer were 0, Fe, Mn, and Si
(Figure 4.8). The 0 comes from the oxygen in the compressed air and Fe and Mn come
from the base metal (the A285--Grade C). The detection of the Mn infers that this layer
is probably close to the base metal since oxides of similar steels do not usually contain
anything but Fe and 0 (Chang, 1994; Samuels, 1990). The Si peak occurs because Si can
get deposited on the sample during carbon coating (which is done for imaging purposes
in the SEM) or from the vacuum pumps that are used for the SEM. EDS found 0 and Fe
in the upper layer (Figure 4.9) further proving that it is an iron oxide scale as the XRD
analysis had shown (Figure 4.3).
57
4.2 SULFIDATION TESTING
(Note: "Sulfidation testing" refers to the tests done using the HzS mixture as the corrosive
gas.)
4~2~1-SulfidationEnvironment and-J!rocedure
The composition of the corrosive gas was 900ppm HzS + 3.44% Hz + balance Ar based
on work done by other researchers (DeVan, 1989). The partial pressures of this gas were
calculated by.the SOLGASMIX program (discussed in Section 2.0) According to the
calculations, the log of the partial pressure of sulfur, log Psz, in the furnace should equal
-8, and the partial pressure of oxygen should be 0 (zero). There should be no oxygen
available to form a protective iron oxide scale so A285--Grade C should sulfidize
severely in this HzS gas mixture (900ppm HzS + 3.44% Hz + balance Ar) at 700°C and a
iron sulfide scale should form (Dravnieks, 1958; Haycock, 1959; Young, 1976). The
expected sulfide scale should be duplex with an inner compact layer and an outer porous
layer ofFeS (Gesmundo, 1992).
There were several test conditions and procedures used because as problems were
identified with the procedure, the problems were resolved by adding or altering the steps
of the procedure. Only the corrosion samples with the most significant results and
procedure changes will be discussed. The complete list of samples tested and their
conditions can be found in Appendix A. The samples were prepared as listed in Section
3.0. A brief list of the major differences in the procedures can be seen in Table 4.1.
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Table 4.II--Major differences in the testing conditions/procedures
Sample Drierite Vacuum Tubing Gas Inlet Tube Top Exhaust
on H2S line +Purge into TG in TG furnace on TG furnace
A200 No No Plastic No Open
A201 No Yes Plastic No Open
A206 Yes Yes Plastic No Open
A207 Yes Yes ~ Yes elosed
A208 Yes Yes Metal Yes Closed
4.2.2 Sample A200
4.2.2.1 A200 Procedure
Sample A200 was placed on the TG sample holder (see Figure 3.6), the furnace
was sealed, and the test began when the H2S gas mixture flowed into the furnace. The
procedure was similar to the oxidation test (Section 4.1) and sulfidation was expected.
4.2.2.2 A200 Analysis
The kinetic results can be seen in Figure 4.10 as parabolic which is not expected
for sulfidation. The kinetic data was then plotted in Figure 4.11 to find the parabolic rate
constant 0.0325 mg2/cm4min, with the straight line equation being:
y =0.0325x - 1.0166
where y is weight gain2 and x is time.
(4.2)
This is an order ofmagnitu~e higher than the rate for A2 (0.0021 mg2/cm4min),
but the sulfidation rate is expected to be much higher than the oxidation rate and not
parabolic (Kofstad, 1984; Strafford, 1969).
The typical microstructure ofthe cross section of A200 is shown in Figure 4.12a,
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while Figure 4.12b shows an unusual area with a blister on the surface of the scale. This
scale is more complex than the oxide scale from the oxidation testing (Figure 4.4).
Instead of the patches of darker gray areas, as in Figure 4.4a, there are layers of varying
gray levels. The-top layer inFigure-4J2-i-s-tlre-lightesrshade-and-the-next-two-layers-ar-8------1
darker, for a total of what appears to be three layers. Other researchers have shown that
there is typically an Fe203 outer layer, an intermediate layer of Fe304' and an inner layer
ofFeO (Samuels, 1980). Microprobe analysis is necessary to determine if these layers
exist here, but that analysis was not done. All three of these layers seem to have pores or
voids. There is a gap between the top three layers of the scale and the base metal, and a
fourth layer of scale seems to be adherent to the base metal. This layer looks speckled,
while the above (three) layers seem to be relatively solid in appearance. Also, the top
layer appears to have whisker growth on the scale surface which is characteristic of
Fe203' These whiskers were also seen when the surface of the sample was examined in
the JEOL 6300 SEM (Figure 4.13a and Figure 4.14). Figure 4.14 also shows a top view
of the blister seen in Figure 4.12.
An EDS spectrum (Figure 4.15) was acquired on the top surface of A200 and°
and Fe where found (area A on Figure 4.13a), while 0, Fe, and Si (Figure 4.16) where
found in the chipped area of the scale (area A on Figure 4.13b). The Fe in the spectrum
(Figure 4.16) comes from diffusion from the base metal, the Si is probably from the
carbon coating process because of the vacuum pumps or from the vacuum pumps in the
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SEM (see section 4.1.3), and the °must be from the corrosive gas, but sulfur was not
detected in the scale. Figure 4.13b is similar to areas on the scale ofFigure 4.7b (where
the arrow points) which gives further evidence of an Fe203 on A200. The difference in
the scale morphology may account forlne lllgne-rkineticrate-in-AZOO-.-..----.--. ---------
There was initially no oxygenin the corrosive gas mixture (900ppm H2S + 3.44%
H2+balance Ar), therefore for oxygen the scale to be an oxide, and not a sulfide, there
must be oxygen entering the gas stream, the furnace, or both.
4.2.3 Sample A201
4.2.3.1 A201 Procedure
A200 did not have a sulfide scale or the kinetics of sulfidation (para-linear as seen
for example by Dravnieks, 1958; Orchard, 1986; and Gesmundo, 1992), and an iron
oxide scale was grown meaning oxygen had entered the testing furnace. The gas
composition was a Certified grade and had at most 35ppm oxygen in the argon.and this
would not create a high enough partial pressure of oxygen to form an iron oxide scale at
700°C. One possible place for oxygen addition could have been residual oxygen in the
system--the tubing (metal and plastif)' the furnace walls, etc. Therefore, the procedure
was altered by adding an initial step of a vacuum and purge cycle:
1. The sample was placed on the TG holder and the furnace was sealed.
2. A vacuum of -0.8 atm was reached and Ar was pumped into the furnace until the
pressure reached 0 atm.
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3. A vacuum of -0.8 attn was again reached and Ar was pumped in until 0 attn pressure.
4. A vacuum of -0.8 atm was reached and the H2S gas mixture was flowed in until the
pressure reached 0 atm.
------5-.-The-exhaust-was-opened-and-the-system-was-purged_withJhe_H2S mixture for 3 hours
before the temperature was increased and the test began.
The rest of the test procedure was the same as A200.
4.2.3.2 A201 Analysis
The kinetic results ofthe TG test can be seen in Figures 4.17 and 4.18. It seems
that there are two steps of the scale growth of A201 which are clearly seen in Figure
4.18. The initial section of the A201line in Figure 4.18 seems to follow the A200 line
almost exactly. The equation for the initial section (0-1500 minutes) is:
y = 0.0287x + 1.0505 (4.3)
The parabolic rate constant is 0.0287 mg2/cm4min compared to 0.0325 mg2/cm4min for
A200. The second section (after 1500 minutes) of the A201line follows a different
equation:
y = 0.0139x + 13.973 (4.4)
where the parabolic rate constant decreases by over 50% to 0.0139 mg2/cm4min. Since
the rate constant has reduced, it was assumed that sulfidation was not occurring, although
chemical analysis was not done.
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4.2.4 Sample A206
4.2.4.1 A206 Procedure
Sample A201 was assumed to be not oxidized instead of sulfidized so the
-----procedure was-revised-again~grierite-wasaddedjo-the_H2S_gas.Jllixtureline to eliminate
water vapor that may have been picked up from the tubes leading from the gas bottle to
the TG (Drierite was already on the balance gas [Ar] line) (see Figure 3.2b). The same
vacuum and purge cycle was followed as in A201, but the final H2S gas mixture purge
was increased to 7 hours. The top exhaust of the TG furnace was closed as shown in
Figure 4.19 because there was a chance that the argon was coming up the radiation shield
in the TG furnace, getting heated as it rose through the furnace, and covering the sample,
while the corrosive gas was passing the sample, outside the argon cover, and exiting out
the top exhaust along with the argon. The bottom exhaust may have been letting air flow
into the furnace or it may have just not been exhausting any of the gas. Therefore, the top
exhaust was closed to force the corrosive gas over the sample and out the bottom exhaust.
4.2.4.2 A206 Analysis
The kinetics increased significantly for run A206 and the TG test results ofwere
much closer to linear sulfidation kinetics (Figure 4.20). The line equation in Figure 4.21
had an equation of:
y =0.0913x - 10.058 (4.5)
and the parabolic rate constant was 0.0913 mg2/cm4min, almost two orders of magnitude
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higher than the rate constant ofA2 and almost one order of magnitude higher than the
rate constants of A200 and A201.
EDS was used in the ETEC to acquire a spectrum of the surface of A206 and only
-Fe was fo--mrd-eFigure-4;-2~}-'Fhe-E~EG-Gan-not-anal¥ze-forD-because it can only detect
elementsabove Z=10 (Ne) because of the Be window in the detector. Oxygen has a Z=8
and cannot be detected in this instrument, but if sulfur was present it would have been
detected because Z=16. It was assumed that the scale was an iron oxygen because a
corrosion scale had grown on A206 and it was not an iron sulfide. Even though the
parabolic rate constant had increased greatly, it was assumed that sulfidation was not
occurnng.
4.2.5 Samples A207 and A208
4.2.5.1 A207 and A208 Procedure
A206 did not have a sulfur scale, so it was assumed that there was still oxygen
getting into the gas and the furnace. The tubing from the gas bottles (both the argon and
the H2S gas mixture) to the TG was changed from plastic to metal (copper on the argon
lines and stainless steel on the H2S gas mixture lines) and compression fittings where
added at the entrance and exit to the Drierite column for better connections. A gas inlet
tube was also added inside the TG furnace (Figure 4.23). The H2S gas mixture enters the
tube at the bottom of the furnace and exits the tube just above the sample (Figure 4.23).
Therefore, the corrosive gas is forced down over the sample because it must exit at the
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bottom of the furnace and the argon is kept at the bottom of furnace by the higher flow
rate of the H2S gas mixture. The rest of the procedUre was the same as A206. The
procedure of A208 was the same as A207 because it was a test for repro~ucibility.
--------------- ---------
4.2.5.2 A207 Analysis
When the test was stopped and A207 was taken off the TG sample holder, the
scale flaked off. The spalled deposit was collected and put aside for powder XRD
analysis. This flaking follows the expectations that the sulfide scale is not very adherent,
dense, or protective (Lai, 1990) and stresses developed in the scale encouraging cracking
and spalling (Meusser, 1957; Haycock, 1959, p771).
The weight gain versus time (kinetic) plot (Figure 4.24) shows that the A207 line
is not parabolic, it seems to begin parabolically and then continue linearly after
approximately 600 minutes (12.5 hours). The behavior that is seen by some researchers
(Dravnieks, 1959; Haycock, 1959; Orchard, 1986, Gesmundo; 1992) is para-linear
(meaning the growth behavior is almost linear, but has some parabolic nature) or
parabolic, in the initial stages, to linear behavior, in the long tenn. The initial parabolic
region may be the growth of a protective ~cale, until the sulfur and iron diffuse through it
and continue to attack the base, A285--Grade C, at a linear rate (Gesmundo, 1992). It is
also typical for an initial non-steady-state region to be present at the beginning of
corrosion reactions (Young, 1986; Gesmundo, 1992). Once the iron and sulfur diffuse
through the initial scale, there is rapid sulfidation. The equation of sulfidation follows a
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linear rate equation:
(2.5)
where x is the weight gain in mg/cm2, t is time, and C is a constant. When there is
parabolic equation as in A2, A200, A201, and A206, the corrosion rate decreases with
time, but when there is a linear equation, the rate is constant over time. Linear equations
are controlled by a surface or phase boundary process such as diffusion through a
protective layer with constant thickness (which may be the initial layer formed in the
parabolic region), or a surface reaction like the absorption ofthe H2S at the scale surface
(Kofstad, 1988; Birks, 1983). The scale is usually porous and/or cracked (Fontana,
1986).
The equation of A207 in the linear region (after 600 minutes) of Figure 4.25 is:
y = 0.0126x - 9.5718 (4.6)
The linear rate constant is 0.0126 mg/cm2min which is much more aggressive than any of
the parabolic rate constants in A2, A200, A201, and A206. It was determined by powder
XRD that the scale was FeS (Figure 4.26) and Table 4.I1I shows the expected versus
measured D spacing values of the peaks marked in Figure 4.26. The matching FeS
JCPDS card was 11-151.
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Table 4.III--The D spacing values (in Angstroms) for the FeS peaks marked in Figure
4.26
Peak Number Expected spacing Measured spacing
1 2.984 2.98
2 2.658 2.66
----3--- ---2.096_~
~
-
2.09
---.
4 1.928 1.923
5 1.724 1.719
6 1.638 1.634
7 1.622 1.634
8 1.446 1.445·
9 1.330 1.331
10 1.308 1.319
11 1.185 1.188
12 1.117 1.119
13 1.109 1.108
FeS is the sulfide scale that was expected to form on the A285--Grade C when the
original analysis of the test conditions was made (Meussner, 1957; Chang, 1994;
Orchard, 1986). The scale that remained on the substrate ofA207 was not analyzed with
XRDorEDS.
4.2.5.3 A208 Analysis
Test A208 was done for reproducibility. The scale flaked off as the sample was
removed from the TG holder, as did the A207 scale. The flakes were collected and sent
for powder XRD. The scale seemed to be the same non-adherent scale as that on A207.
Powder XRD identified the scale as FeS (the same as A207--Figure 4.26) (A208--Figure
4.27) and Table 4.IV shows the expected versus measured D spacing values ofthe peaks
marked in Figure 4.27. The JCPDS card that matched A208, 24-80, is not the same card
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that matched A207, 11-151.
Table 4.IV--The D spacing values (in Angstroms) for the FeS peaks marked in Figure
4.27
Peak Number Expected spacing Measured spacing
1 4.785 4.73
~ .--~_. - 2.990 z.984
3 2.663 2.660
4 2.523 2.524
5 2.094 2.092
6 1.928 1.927
7 1.749 1.748
8 1.725 1.723
9 1.639 1.636
10 1.470 1.468
11 1.448 1.446
12 1.352 1.346
13 1.331 1.330
14 1.309 1.317
15 1.225 1.224
16 1.182 1.186
17 1.134 1.135
18 1.118 1.117
-~--- ---~-----
The kinetic analysis of A208 was similar to A207. The A208 kinetic curve (in
Figure 4.28) began parabolically, but after approximately 600 minutes it continued
linearly. At longer times, there seemed to be a bend in the linear region of the A208
curve that was not seen in the A207 curve (Figure 4.28). There are several reasons that
this may have occurred. Flaking as the scale grows may cause weight loss along with
weight gain. Also, in break-away corrosion there are periods ofparabolic growth in
between linear regions because the scale becomes somewhat protective for periods of
time (Perkins, 1980). The kinetic data (after 600 minute) was fitted to a straight line
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(Figure 4.29) and the equation was:
y =0.0091x + 5.1193 (4.7)
The linear rate constant is 0.0091 mg/cm2min which is similar to the linear rate constant
~--~ ..~_. ---of-A207-which-is-0;01~6-mg/Grn~min.-TheleS'lpmcedure used for A207 and A208
created a much more aggressive environment than the procedures for A200-A206 (Figure
4.28).
The cross section of A208 was observed in the LOM and can be seen in Figure
4.30. There are some larger grains on top of small grains and there are also various gray
levels within the scale. The was no gap between the scale and the base metal as was seen
in the cross sections of A2 and A200 (Figures 4.4 and 4.12). It could not be verified if
the black spots within the scale are pores or just a dark gray color from compositional
differences until the sample was examined with the JEOL 6300 SEM (Figure 4.31) and
it appears they are pores. It cannot be determined if these pores were originally in the
scale or if they were created through sample preparation (Samuels, 1980). The cross
section in Figure4.31-area A, was analyzed with EDS (in the 6300) to find Fe and S in
the scale (Figure 4.32). This agrees with the XRD results ofFeS (Figure 4.27).
The surface of A208 was examined in the JEOL 6300 SEM and can be seen in
Figure 4.33. This photomicrograph shows large grains ~n top of a bed of smaller grains.
These larger grains (~10j..lm) are not the large grains seen in the cross section (Figure
4.30) because they are bigger (~l OOj..lm) in Figure 4.33. The 100j..lm grains in Figure
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4.33 are probably parts of the top scale that did not flake offwhen the sample was
removed from the holder after the TG test. The cross section did not show any of the
large grains from Figure 4.33, probably because they are randomly and sparsely
distributed-on-the·scale-surfaee....However.,-beneath-these.l00p,mJargegrainsls_anotheL__ .._~_
layer of approximately 10p,m grains which probably correspond to the 10p,m grains seen
in Figure 4.30. Another layer, under the bed of smaller grains (seen in Figure 4.33) can
be seen near the edge of the sample (Figure 4.34). EDS was used for elemental analysis
of areas Bland B2 in Figure 4.34. The results from area B1 can be seen in Figure 4.35
as S and Fe peaks and Figure 4.36 shows the S and Fe peaks that were acquired in area
B2. These areas may be different sections of the same layer. S and Fe are the same
elements found in the XRD of the scale that flaked offboth A207 and A208. The
variation in intensity that is seen in Figure 4.30 is probably due to composition variation
ofFel_xS, where x is the degree of non-stoichiometry (Orchard, 1986; Young,
1976).From the similarity of the results from A207 and A208 it is believe that the test is
reproducible.
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4.3 COMPARISON OF SAMPLES
The sample analysis was as follows in Table 4.VTable 4.V--The scales and rate
constants of the samples discussed
Note. The umts on kp are rng /crn mm and the umts on k( are mg/cm mm.
Sample ETEC 6300 SEM -PowderxRD Rate Co-nstant-
A2 upper-D, Fe Fe2D3 kp=0.0021
lower-D, Fe, Mn, Si
cross sec-D, Fe
A200 upper-D, Fe kp=0.0325
lower-D, Fe, Si
A201 kp=0.0287
kp=0.0139
A206 Fe, (O?) kp=0.0913
A207 FeS k1=0.0126
A208 upper-S, Fe FeS k1=0.0091
lower-S, Fe
cross sec-Fe, S
J. • 'I. • _k. •
The important samples to be compared are pure oxidation (A2) and sulfidation (A208)
because when the scales and kinetic rate constants are compared there is a drastic
difference between oxidation and sulfidation. A2 grew parabolically at a rate of 0.0021
mg2/cm4rnin, while A208 grew linearly at a rate of 0.0091 mg/cm2min (It is important to
notice the unit difference!). Since the corrosion rate of oxidation (A2) is parabolic, it will
continue to decrease in time and the scale is typically protective (Kofstad, 1984). The
corrosion rate of sulfidation (A208) is linear and will remain constant at 0.0091
mg/cm2rnin over time. The scale that forms is usually porous and cracked and therefore,
not protective (Fontana, 1986). The steel will probably continue to corrode until the
entire base metal is corroded or flakes off causing eventual failure of the component.
71
,-
The morphology of the oxidation and sulfidation scales is also very different. The
oxidation scale was Fe203 and relatively dense and adherent to the base metal. The
sulfidation scale (FeS) did not remain attached to the base metal. It flaked offwhen it
was touched, and possible even as-it corrooe,riiillie TG~farnace-=-It-can-be-assumed-that----- ---
this coating was not very dense, as expected (Fontana, 1986; Kofstad, 1984; Chang,~
1984). The dense Fe203 scale will allow some corrosion resistance because the diffusion
of the iron and oxygen through the coating will be difficult due to the relatively low
concentration of defects (Kofstad, 1984). There does not seem to be any type of
.protective scale on the A208, so the corrosion rate may never decrease.
The results are very important to the power industry (see section 2.0). Oxidation
was the primary corrosion process in conventional boilers, so in these atmospheres a
protective scale can be formed on the base metal that will slow corrosion by protecting
the base metal. When the boilers are converted to low NOx boilers, sulfidation occurs
which is much more aggressive and destructive. The issue of sulfidation needs to be
addresses and the materials that were sufficient in the conventional boilers will not longer
be adequate.
It is also important to notice the differences in results that occurred from minor
changes in the procedure. There were slight alterations in the procedure from sample
A200-A208 and the kinetic rate changed greatly--from parabolic to linear. This shows
the importance of a detailed, carefully controlled laboratory procedure.
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5.0 CONCLUSIONS
The corrosion of A285--Grade C in both oxidizing and sulfidizing conditions was
studied to determine the kinetics of the scale growth and the microstructure and
thermogravimetry, light optical microscopy, scanning electron microscopy, and x-ray
diffraction and the following conclusions can be drawn:
1) The oxidation of the A285--Grade C in dry air at 700° is parabolic and the rate
equation is:
weight gain2= 0.0021t + 0.5087
where t is time and the parabolic rate constant, kp=0.0021mg
2/cm4min.
Parabolic behavior infers that a protective oxide scale has formed that decreases the
rate of corrosion over time.
2) The oxide that forms on the A285--Grade C in dry air is Fe203' The microstructure
was relatively dense, adherent, and protective oxide. There were voids present in
the area close to the base metal which were probably Kirkendall voids from the
diffusing iron and oxygen.
3) Sulfidation of A285--Grade C in 900ppm H2S + 3.44% H2+ balance Ar at 700°C
I
was linear, with the rate equation:
weight gain = 0.0091t + 5.1193
The linear rate constant, kl=0.0091mg/cm2min. The linear kinetics of
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sulfidation are much more aggressive than the parabolic kinetics of oxidation.
4) The sulfide scale that forms on A285--Grade C in 900ppm H2S + 3.44% H2 +
balance Ar is FeS. The scale was porous, non-adherent, and unprotective. The high
------'evelofporosity probablycaused~he-spalling'of-the-top-Iayer(-s}- .
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Appendix A
The complete list of test procedures and test conditions.
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Sample Date t: Run caterial Surface Preparation Size Weight Oxy I Sulf
10 I 1996 cm2 mg
--- --- - ---- -- -- ----------
e------- _ 17-Apr ~: 308L 1.16 1102 Oxidation
A1 20-Jun 2 A285 Grade 600 grit, ult clean-acetone 3.27 1463 Oxidation
I-----~-- -+----------:f---
C1 27-Jun 3 i309L--LO 600 grit, ult clean-acetone 3.01 944 Oxidation
1------ ----f---=-:.~...:.....I__----=-------I...:.....-,-:.-~,_____-_+~~~-=----,-:.---_,__-+___c_::___,___f__=_=_=,_____+_::___:__:___,_,___---__/
81 2-Jul 4 308L--HO 600 grit, ult clean-acetone 2.84 790 Oxidation
01 3-Jul 5 i312--LO 600 grit, ult clean-acetone 3.41 1215 Oxidation~---~---- '
F1 I 8-Jul 6 RA85H--LO 600 grit, ult clean-acetone 2.97 274 Oxidation
---A21-1i:hJUI--+---T A285 Grade 600 grit, ult clean-acetone 2.98 976 Oxidation
1-- B2--t 15-Jul 8 i308L--HD 600 grit, ult clean-acetone 3.04 756 Oxidation
-- C100 I 9-Aug 15 309L--HD 600 grit, ult clean-acetone NA NA Sulfidation
A1001 12-Aug 16 A285Grade C 600 grit, ult clean-acetone 3.67 2016 Sulfidation------=:-c--::-__,___-+-~___=__-'<-f____c=______,~~___:_::=_____+~~__:_:'_____:c____;_--__:_-+-=____:_~f__:_::_:::_~~__;_;;;_;_;_;_---_j
C101 13-Aug 17 309L--LD 600 grit, ult clean-acetone 3.13 1030 Sulfidation
NOTlCE--The furnace is not completely seated on the balance. This is fixed by properly setting the O-ring b
C102 I 15-Aug 17.5 309L--LD 600 grit, ult clean-acetone I NA NA S.ulfidation
f---- A200 f15-AU9 18 A285 Grade 600 grit, ult clean-acetone 3.9 1993 Sulfidation
1- B250- 18-Aug 19 308L--LD 600 grit, ult clean-acetone 2.87 347 Sulfidation
NOTlCE--There is Nitrogen hooked in as the balance gas. This is fixed by changing it to zero grade Argon.
--C200- 19-Aug 20 309L--LD 600 grit, ult clean-acetone 3.45 995 Sulfidation.
--------_._.- .._~
A201 ,20-Aug 21 A285 Grade 600 grit, ult clean-acetone 3.45 1649 Sulfidation
f---------I---=-:~~+-__=_=___+:_=:_:::c-;_- --=-:=-'~'____;_c__:_--__:_--+-~~_+____:_=_~____t::;:_;_;;~:o___-__t
A202 i 23-Aug I 22 A285 Grade 600 grit, ult clean-acetone 3.72 1847 Sulfidation
e--------------"!...---'--------'-------,--- _=---'----_~____:_______,__,___---'-----L-----'-,_____--~_______I
NOTlCE--the inlets to the sample and balance gases is switched. This was probably done after run #22 anc
A203 - '26-Aug 23 A285 Grade 600 grit, ult clean-acetone 4.56! 3112 Sulfidation
-----1 -
A204 i 29-Aug 24 A285 Grade 600 grit, ult clean-acetone 3.64 2341 Sulfidation
I------~- -- - - --- -+---+-------t
!'!!!!'-CF-AddH2S mix inlet tube to TG furnace. _ ~____ I _
NOTlCE--Bake out system, up to BOOoe (10K/min), hold 30 min, cool to 1000G (10 K/min). I
1-------,Aj05 -- 2-Se~ 25 A285 Grade--600 grit, ult clean-acetone I 4.04 2290 ISI.;]fictaiiOn- ---
_-~06 1}-Se~-L26 A285 Grad~~600grit, ult c1ean-aceton~_-r~__66~_~89, Sulfidation--
!"-QT!C-'~--Changedr~e,rite~~n to one wjth_compression fittings. __: __ _--r _
A?:.9! _ 6-See_ H'?L jA285 Gra~e.600grit, ult clean-acetone L~:~9 1839 i~ulfidation
A208 9-Sep 28 A285 Grade 600 grit, ult clean-acetone i 3.49 2043 Sulfidation
Sample Sample Chamber Flow Tube %Flow Pressure Temp Flow Balance
~----"-
10 Gas No. psi DC ml/min Gas
f------ House compressed air---- _~=____ I NA NA 14.7 NA NA Argon
A1 House compressed air 012-10G 45 14.7 NA 118 Argon
c------ ------ -------+-------c----l---------c-+-------f--------+------c-----c-+---------"~_____I
____~ House compressed air_ 012-10G 45 (60) 14.7 NA 118 (181) Argon
81 House compressed air _ ! 012-10G 64 14.7 NA 200 Argon
01 House compressed air 012-10G 65 14.7 NA 200 none
t-------=~- -+-----=~-_+___--__l
__ F1 House compressed air _ 012-10G 65 14.7 NA 200 none
_____~ House compressed air____ 012-10G __ 65 14.7 NA 200 none
82 House compressed air 012-10G 65 14.7 NA 200 none
C100 '1100ppmH2S+0.4%Oi+1.97%H2+baIAr NA I 65 14.7 27.0 NA Argon
---=-=~-+---=-:--c---+-----:---=---IA100 1100ppm H2S+0.4% 02+1.97% H2+bal Ar NA 65 15.0 35.8 NA Argon
C101 1100ppmH2S+0.4%02+1.97%H2+baIAr NA 65 15.0 32.3 86 Argon
Argon
86
86
._-
86 Argon
_.- ---=----
86 Argon
Argon
- -----1----=---1
NOTlCE--The furnace is not completely seated on the balance. This is fixed by properly setting the O-ring before the
C102 1100ppm H2S+0.4% 02+1.97% H2+bal Ar 022-13G 65 15.0 NA 1 ----:-8-:-6_-+--_A-,---r=go_n-----j
-- A200 900ppm H2S + 3.44% H2 + bal Ar 022-13G 65 15.1 32.9--r-- 86 Argon
1--B200 900ppm H2S + 3.44% ~2 + bal Ar 022-13G 65 15.0 i 31.4 1=-------=8-::-6----+--A-=-r-=g-on------1
NOTlCE--There is Nitrogen hooked in as the balance gas. This is fixed by changing it to zero grade Argon.
C200 900ppm H2S + 3.44% H2 + bal Ar 022-13G 65 --1~-------=8-::-6----+--A-=-r-g-on------1
~._ A201 900ppm H2S + 3.44% H2:r. ba~__ 022-13G ! __~-- 15.0 I 34.6 1·--c::-86-,-------+_A,-r"'-.go_n--j
~02 900ppm H2S + 3.44% H2 + bal Ar 022-13G I 65 15.0. NA t....:-=-8_6---,-,---+-__A-=rg"---o_n_____l
NOTlCE--the inlets to the sample and balance gases is switched. This was probably done after run #22 and fixed be
- A203 900ppm H2S + 3.44o/~H2+bal Ar 022-13G I - 65 15.0 28.0 86 Argon
-"A2Q4- 900ppmH2S+3.44%H2+baIAr 022-13G 1- 65 15.0 28.1 86 Argon
NOTlCE--Add H2S mix inlet tulJeto TGfLirnace. .----- f-------+--=------j
t-:--:-::::-=:-:=-=- -=--=------=----c---------c-.------------ - -----~' - - - -----.------ - ,---.' -----+-------1
NOTlCE--Bake out system, up to 800°C (10 Klmin), hold 30 min, cool to 100°C (10 Klmin).
-~~~--- ~~~~~~ ~~~: ~:::~=~~ :~::~~d=-'-1 ~~~~~~ -f -~~ -- -~~~- --~.~
---- . - - ------- - ---- ------._- - -- --_._------- -- - ---
NOTlCE--Change drierite column to one with compression fittings.
-~1 l:~~~~~ ~~~ ~}:~t:=~~: ~::~~-=== +~~~~H~- ~~-=-- -~~:~--: ~~::
00
tv
00
w
Sample Balance Balance Pressure Temp Approx. Flow Program Temp.
_ lQ.__ FlowMeter %Flow 1 psi °C ml/min Celcius
NA NA --t NA NA NA NA NA
--A1'- 022-13ST 35. 14.7 NA 102 To 700°C-Hold 700
-,---c----+-~_c__~=_--_+ ---cc:c-:=c- -+---:-~-j--~_+--~=_:_:~-i=___=~::_:c::c=_:c:__:__:_::_:_:_+__=~__1
C1 --+ 022-13ST 35 (5) 14.7 NA 102 (23) To 700°C (50Klmin)-Hold 700
_~__022-13ST 3 (0) ~=--t4.7 NA 18 (0) To 700°C (40Klmin)-Hold 700
01 0 0 0 0 0 To 700°C (40Klmin)-Hold 700
-----r:1'-- - - 0 0 -0-1 0 0 To 700°C (50Klmin)-Hold 700
'- A2 -- - -0- - r-'-0- 0 -- ----0-- 0 To 700°C (50Klmin)-Hold 700
- 82- - - 0'- ,- -0-1-- 0 r-oc-----o--- To 700°C (50Klmin)-Hold 700-C16O---NA---+-~I-14.8-l 27.0 NA To 600°C (50Klmin)-Hold 600--
A100~------rw\---!37 14.8: 35.4 NA To 600°C (50Klmin)-Hold 600
C101 NA 37 15.0 31.9 NA To 700°C (50Klmin)-Hold 700
NOT/CE--The furnace is not completely seated on the balance. This is fixed by properly setting the O-ring befor~
C102 I 012-10G [ 37 I 15.0 _! NA I 70 To 700°C (50Klmin)-Hold 700
A200! 012-10G 37 ±' 1A.5 !~ 70 To 700°C (50Klmin)-Hold 700
f-- B200~ 012-10G~ _15:2. l~ 70 To 700°C (50Klmin)-Hold 700
NOT/CE--There is Nitrogen hooked in as the balance gas. This is fixed by changing it to zero grade Argon.
f--C200--C012-10G L30 '" 15-:0- 31.0 NA 700
=A201 =1- 012~10G L 35 ,~_ -,_, -,15:6 r 33.7 __~,,',-= To 700°C (50Klmin)-Hold700-
A202 ,_q~~10G ~~__ ~.O 35.7 ,_~ J"<:l700°C (50Klmin)-Hold __100
NOT/CE--the inlets to the sample and b
=~I~ ~~~=:--i-1Fi--'~~~~ ,];I~~~~ :~~~ ~-~~ ;~~:~ i~~~~:~~~~~:~ ;~~
NOT/CE--Add H2S mix inlet tube to TG furnace. . _I_ _ _ __' _
NOT/CE--Bake out system, up to BOO°C (10 Klmin), hold 30 min, cool to 100°C (10 Klmin). I
,-:~~_J~ _~~~~~~ ±~_~~-l-~~:~ .~~:~ t m - ~~ --_~~~~~:~:;J~~;_~~~~
N0:l~~,:Ct{~2~7;": rlJ1n3~~e+_l,\Iith1~0:pres~~~0~~9S.' 6if tTo 7000t (50KlminJ=HQid 700
-1\208 i 012-10G--j5---15.0-28.'5r' E38 iTo700°C(5OKJrrun)=HOfd 700
500
+- ---_._-
500
60
55
Sample Drierite? _~m I Purge? Cycle? Time Scale Range
I ~ ._. . hours mg
__~_~__t ~:~~~ i~= .. =-~- .-- ---~=--- ~~ ~~
------sT-l~ __ Yes--Air - No _ .____ 25 50
01 Yes--Air No 113 50
f---~F--c1---J~ Yes--Air __~ . --==~_-_~_-_~__-_-_~_.-_- 50 50-
A2 I Yes--Air No 100 50
-_.---------~ _._-- - - --'--------.-.-.'-----_..._,-_.----.,-------, --_.- --_._-,----._--
82 j _ Yes--Air No .____ _ 50 50---~_c_- -
C100 I No No 67 50
A100 I~~-- NO __N_o_--==_._-_- -----------_-_~ ----_~_--_-_-._-_ ---.-------- 23 50
C101 1. No No 42 50
NOTlCE--The furnace is not completely seated on the balance. This is fixed by properly setting the O-ring before the furnace comes do
__ C102 ni-~-~--t--- ._ _'--f--- 6 50
~~~ _1_ ~~_JEt____ .__ -=_~~--------------~-= c-- ~~ ~~
NOTlCE--There is Nitrogen hooked in as the balance gas. This is fixed by changing it to zero grade Argon.
C200-I- No _ Vac -0.8 atm, Ar to 0 atm, repeat, Vac for 30 min, H2S mix to 0 bar, purge 45 mini ~;{-=: NA-
A201 _j __ No _ Vac -0.8 atm, Ar to 0 atm, repeat, Vac for 30 min, H2S mix to 0 bar, purge 3 hrJ 45 50_
A202 j Yes--H2S lineniVac -0.8 atm, Ar to 0 atm, repeat, Vac for 30 ~in, H2S mix to 0 bar, purge 10 hr I YC 50 __
NOTlCE--the inlets to the sample and balance gases is switched. This was probably done after run #22 and fixed before run #23.
A203 T -_=- No ·W---.._------ -_ ~_~ -~-L 500 __
A204_ Yes--H2S line Vac -0:8 atm, Ar to 0 atm, repeat, Vac for 30 ll1irl..H2Smixnto 0 bar, purge 3_ hr _+ 81 500 __
NOTlCE--Add H2S mix inlet tube to TG furnace.
NOTlCE--F3ak~ out system,J== __==--====----- --- ----=_ ~===- -i -- =-=-==-=__
___ A205 _ Yes--H2S line_t'Vac (-0.8atm), Ar (Oatm), Vac (-0.8), Ar (0), H2S(:+-0.15at~eurge 8 hour.s I 3 __ 500_
A206 Yes--H2S line Vac (-0.8atm), Ar (Oatm), Vac (-0.8), Ar (0), H2S (+0.15atm), purge 7 hours ! 59 500
------ --" .. . -- -------_. ------_.-
NOTlCE--Change drierite column to one with compression fittings.
--A207 Yes--H2S lineivac ~):Ar(Oatm),Vac (-0.8), Ar(O): H2S (+0. 15atm):-purge 6 hours
- A208 - Yes--H2S line ivac (-0.8atrliIAr(Oatm), Vac (-0.8), Ar (0),H2S (+0.15atm), purge 6 hours

------.--.---. -'--'. ----------..+------------1
....._-~-_.-.__._---_.
--- - --.-.--.-~---.--- .----~--.------.---..---t__-----------l
Oxidation, Ar in balance
. - ..- ----------.---.------..--+-----'---------1
Sample Extras _____._._._. ._,_", t-S_e-:q'-u_e_"_c_e --;
10
-_.._---1-
A1
-_.- ..-----~- -"
C1 '81-'-+
1---..------------.-.- .--- ----..--... --.-.----.-.----------.---.-------f=-~__;_:____::_:_c___c__::c__-___j
01 Oxidation, highest Cr
- -------.--.- -- .- ---.. --'-" ---- ...---...--------------- .-----------t=-:-:-~___:~=_=.,__--__1
F1 I Oxidation, RA85H
- 1 --- ----.- .-.----- --------..---- -..----.--.+:::__:_~---'-:__:__o__=__.,__-__I
-- A2- . Oxidation, no Ar in balance
-------- ~-----_... _-- .. _--_.. _---_._----_.
82 Oxidation, lowest Cr
1-.- -----.--~------···---·--·--·--:------c-:__:_----:---:·-=-------:-----c-~-----'-------I
C100,1--Temp decreased to 200°C in H2S, then switched to Ar. 2--color=gold
_= ~~ ~~_~lcolor=orange-brown -. -_~==-'_.o.==--+----.--~ -------.-----~
-c-:----'---...------c----:---:-_=__-:__c--:----=,--:-~=--_.__c---L-c--c--:c__-:--__=_.__c-c--::____l
NOTlCE--The furnace is not completely seated on the balance. This is fixed by properly setting the O-ring before
-.----.- ---~-'_r-'-----"'--------~----1
1-. C1 02_
1
__ ....__._. 1 , _ .. _
-~~1 -----~-.--·--.==.=~=~==t-----c=-------=--=--=---____j
"!QTICE--T.here i!.'Yi!~og~n hooked in as the balance gas. This ~ fixed lJX ch.angi'2~ it to zero grade Argon.
C200 IAborted
-A201~---==___ _ .__ _~=_=~= Vacuum+purge -----
__ .. A202 ..Jscalestuck to cr~cible. . . Vacuum+purge+drierite
NOTlCE__-the in~ets to the samPle ~n~lJ~~nce gases is switched. This vv.'!..sj}rC}/:Jably done after run #22 and fixed
A203 ~water bath-H20=2rC Vac+purge+water bath
A264-- ! 1--Reproduce #221 NO i~after test-H20 in lower exhaust line-- ·---····lVacuum+purge+dr.ierite
fJbTlCE--Ad~-H2S mix in!et !..u.'?!!.. to IG furnace.--_==- =_==--C--=----==_=_-__-_--1
NOTlCE--Bake out system, up to BOQoC (10 Klmin), hold 30 min, cool to 100°C (10 Klmin).
------- ---'-- ._-_._----------.- - -- _._.-.:--:--'--------- --"'-
A205 Vacuum+purge+drierite
---------_·-t _.--- --------- ----_.--_. .------.-------.--._-- ..---- - -.- ------_.--
~~JReprodu~ibili.!t.oftf.22or#~_. ._ .. J\iacuum+purge+drierite .. _
NOTlCE--Change drierite column to one with compression fittings. 1
~-- ----- --- -- --- -- --" ------ --- --- --------------- ----_.~-- -----. ---------------- ---------~~-i~~~~: ~:~:~~~i~~~ ::~-·i~~~~~::~~~ '-
----_.._- .----
(I) Low Temperature CorrosIon. Economizer
lubinK where KU or metal temperatures tall
below acid dew point temperature.
(2) Coal Ash and Oil Ash Corrosion. Super-
heater and reheaters where steam and metat
lemperatures are the highest. just prior to a
chanKe to a higher grade of matenal. on the
lowest tube in a horizontal platen. or the
leadinK tube in a pendant section.
(3) Waterw.1I Fire·slde CorrosIon. Waterwalls
in the vicinity of or above the fuel burners
where poor combustion conditions eXist .
Figure 1.1 .-\reas in the boiler \\here tireside corrosion can occur I EPRl (5-3945)
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INTENTIONAL SECOND EXPOSURE
( I) Low fempenuure c'orroslOn. Eeol1omn:er
tubing wnere Ii(lU or mend lempen!!ures lall
below lilcnd dew POint temperature.
(2) Coml A.sh Jilild Oil A.sh CorrosIon, Super-
helllter lilnd rehe:l!lten where steam and metal
lempenilUre3lllre the highest. Just prIor to a
eh/In!!e 10 !lll1igher grade 01 materiaL on tne
lowest tube in a hOrIzontal platen. or the
leading tube In a pendant sectIon.
(J) WIl(erwlli! Fire-sIde CorroslOn_ Walerwads
l!1 the vicini tv 01 or above the fuel burners
where poor combustion condItions eJUSL
, ,
--=J~;~--=:-~~:J
1,::::
:.... ....
~
<lIlt
<!§it-
t I 8
l~un: \re~s 111 the Q\'licr \\ IKre tircstue corrOSion c~n occur IErR] CS-39-1-51
L'7(, I
Front radiant face :
severe thinning over 150°arc
t
~~------_.
Figure 2.1 Schematic of a typical corroded furnace wall tube.
(Cutler, 1981)
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._--- ---' ..--.
-------.----
1
TEMPERATURE.·C .
500 1000 1500
·OK
PcI)/PcO~ 10J5 10 20 10'5
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Figure 2.17 The cross-section of an FeS scale on iron. Layer A is the
dense layer. Layer B is porous and columnar. Taken at 100x
with sensitive tint plate. (Dravnieks, 1958)
104
INTENTIONAL SECOND EXPOSURE
Figure 2.17 The cross-section of an FeS scale on iron. Layer A is the
dense layer. Layer B is porous and columnar. Taken at 100"
with sensitive tint plate. (Dravnieks. 1958)
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for400hr. (magnification=100x) (Haycock, 1959, p. 764)
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Figure 2.32 TG test results in a) O2 and b) air at 600°C.
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Figure 3.1 The corrosion laboratory at Lehigh University in
Whitaker Laboratory Room 171.
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Figure 3.1 The corrosion laboratory at Lehigh University in
Whitaker Laboratory Room 171.
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Figure 3.2 The Netzsch STA 409C (top) front view; (bottom) side view:
a-furnace, b-balance, c-dryers, d-pressure gauges, e-temperature
gauges, f-vacuum system, g-flowmeters
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Figure 3.2
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The Netzsch STA 409C (top) front view; (bottom) side view:
a-furnace, b-balance, c-dryers, d-pressure gauges, e-temperature
gauges, f-vacuum system, g-flowmeters
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Figure 3.3 The DTA/TG sample carrier system in TG.
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Figure 3.4 General schematic ofthe Netzsch STA 409 (TG) equipment.
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Figure 3.6
TG/DTA sample carrier
The sample holder and sample setup used for
the corrosion studies.
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Figure 4.1 The kinetic results ofthe oxidation test (sample A2).
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Figure 4.2 Parabolic plot of the oxidation test results in figure 4.1.
The black line is the best fit straight line.
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Figure 4.4 An example ofthe cross section of the oxide scale microstructure,
(top) LOM photomicrograph--750X; (bottom) SEM photomicrograph
-- 750X. A- voids or pores, Bl-EDS spot analysis, B2-EDS spot
analysis. Note the gap between the scale and substrate.
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Figure 4.4 An example of the cross section of the oxide scale microstructure.
(top) LoM photomicrograph--750X; (bottom) SEM photomicrograph
-- 750X. A- voids or pores, Bl-EDS spot analysis, B2-EDS spot
analysis. Note the gap between the scale and substrate.
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Figure 4.5 EDS spectrum from area B1 on Figure 4.4 showing
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oxygen (0) and iron (Fe) peaks.
131
Figure 4.7 SEM photomicrograph of a chipped surface of the ,oxidation test sample.
a) chipped area; b) Higher magnification of the lower level. The arrow
points to the structUre that is also seen in a later test sample (A200);
.,c) Higher magnification of the top level of the scale.
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Figure 4.10 The kinetic results ofA200 from the TG test.
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Figure 4.11 Parabolic plot of the results in Figure 4.10 (Sample A200).
The black line is the best fit straight line.
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Figure 4.12 Sample A200. (a) LOM photomicrograph of the cross section.
(b) LOM photomicrograph of a blistered surface. It seems that there
are 4 layers. Note the gap between layer 3 and layer 4. Also note the
whiskers above layer 1.
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Figure 4.12 Sample A200. (a) LOMphotomicrograph of the cross sectIOn..
(b) LOM photomicrograph of a blistered surface. It seems that there
are 4 layers. Note the gap between layer 3 and layer 4. Also note the
whiskers above layer 1.
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Figure 4.13 Sample A200. (a) Top surface of the scale with whiskers which
corresponds to layer 1 in Figure 4.12. (b) The lower layer in the
chipped area which looks similar to the area in Figure 4.7 where
the arrow points. The A's indicate the area ofthe EDS spectrums in
Figures 4.15 and 4.16.
138
INTENTIONAL SECOND EXPOSURE
Figure 4.13 Sample A200. (a) Top surface ofthe scale with whiskers which
corresponds to layer 1 in Figure 4.12. (b) The lower layer in the
chipped area which looks similar to the area in Figure 4.7 where
the arrow points. The A's indicate the area of the EDS spectrums 111
Figures 4.15 and 4.16.
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Figure 4.14 Top view ofthe blistered area seen in Figure 4.12b.
"
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Figure 4.14 Top view of the blistered area seen in Figure 4.12b.
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Figure 4.15 EDS spectrum of area A on Figure 4.13a showing presence of
oxygen (0) and iron (Fe).
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Figure 4.16 EDS spectrum of area A on Figure 4.13b showing presence of
oxygen (0), iron (Fe), and silicon (Si).
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Figure 4.17 The kinetic results ofA201 from the TG test.
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Figure 4.18 Parabolic plot of the results in Figure 4.17 (Sample A2Gl).
The black line is the best straight fit line.
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Figure 4.19 Schematic drawing of the TG closed top exhaust used in
procedure for sample A206.
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Figure 4.20 The kinetic results of A206 from the TG test.
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Figure 4.21 Parabolic plot of the results in Figure 4.20.
The blaclc line is the best fit straight line.
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Figure 4.22 ED8 spectrum from the surface of Sample A206 showing
iron (Fe) peaks. No sulfur (8) peaks are present. The
instrument cannot detect oxygen (0).
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Figure 4.23 Schematic drawing of the TG showing the closed top exhaust
and gas inlet tube for the H2S gas mixture used in the procedure
for A207 and A208.
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Figure 4.24 The kinetic results ofA20? from the TG test.
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Figure 4.25 The linear fit for the A20? kinetic data.
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Figure 4.26 Powder XRD results of the A207 scale that flaked off indicated that the scale was FeS.
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Figure 4.27 Powder XRD results of the A208 scale that flaked off indicated that the scale was FeS.
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Figure 4.28 The kinetic results ofA208 from the TG test.
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Figure 4.29 The linear fit for the A208 kinetic data.
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Figure 4.30 LOM Photomicrographs of the cross-section of the adherent
scale on sample A208. There was some scale that flaked off.
a) 300X; b) 750X
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Figure 4.30 LOM Photomicrographs of the cross-section of the adherent
scale on sample A20S. There was some scale that flaked off.
a) 300X; b) 750X
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Figure 4.31 SEM photomicrograph of the cross section of the adherent
scale on sample A208. There was "Some sCale"that flaked off.
The arrows point to areas that appear to be voids or pores and
A indicates the area of the EDS spectrum (Figure 4.32).
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Figure 4.31 SEM photomicrograph of the cross section of the adherent
scale on sample A208. There was some scale that flaked off.
The arrows point to areas that appear to be voids or pores and
A indicates the area of the EDS spectrum (Figure 4.32).
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Figure 4.32 ED8 spectrum of the cross section of sample A208 showing
the presence of sulfur (8) and iron (Fe) from area A on Figure
4.31.
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Figure 4.33 SEM photomicrographs of the surface of A208 which seems
to be a few randomly spaced larger grains on a bed of smaller
grains.
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Figure 4.33 SEM photomicrographs of the surface of A208 which seems
to be a few randomly spaced larger grains on a bed of smaller
grams.
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Figure 4.34 SEM photomicrographs of a chipped surface for sample A208.
Areas B1 and B2 indicate the areas for EDS analysis as shown
in Figures 4.35 and 4.36.
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Figure 4.34 SEM photomIcrographs of a chipped surface for sample A208.
Areas Bland B2 indicate the areas for EDS analysis as shown
in Figures 4.35 and 4.36.
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Figure 4.35 ED8 spectrum from the lower layer on sample A208 showing
the presence of sulfur (8) and iron (Fe).
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Figure 4.36 EDS spectrum from the upper layer on sample A208 showing
the presence of sulfur (S) and iron (Fe).
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